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ABSTRACT
For the first time, tests were performed to evaluate the feasibility of using the impact-
echo method to estimate the in-place strength of concrete in plate structures. In the impact-echo
method, a stress pulse is introduced into an object by mechanical impact on its surface, and this
pulse undergoes mUltiple reflections (echoes) between opposite faces of the object. The surface
displacement of the object, caused by the reflected pulse, is monitored and the frequency of
successive arrivals is determined. Knowing the thickness of the test object, the compression
wave (P-wave) velocity is determined. This velocity, along with a correlation relationship between
P-wave velocity and concrete strength, is used to estimate concrete strength.
The research involved tests of plate-like elements (slabs and walls). In each experiment
a slab and several prepared cylinders were cast from a batch of concrete. Impact-echo testing
was performed on the slab, on cores taken from the slab and on the prepared cylinders. As
expected, the slab and core velocity measurements differed because of the difference between
P-wave velocity in plate- and rod-like structures. After P-wave velocity was determined the
prepared cylinder or core was tested in compression to obtain concrete strength. This lead to
three relationships: 1) the prepared cylinder strength-velocity relationship; 2) the core strength-
slab velocity relationship; and, 3) the core strength-core velocity relationship. The earliest
measurements were made about 10 hours after casting, and each experiment continued for a
period of 28 days.
The experiment described above was performed to explore tRe variables of type of
formwork material, steel reinforcement, and concrete cast against previously hardened concrete.
It was found that the impact-echo method can be used as a means to nondestructively determine
the in-place strength of concrete in plate-like structures. The method can be used to measure
concrete strength in both plain and steel-reinforced elements, and in concrete cast against a
variety of formwork materials.
CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION
Reliable information about the in-place early-age strength of concrete can be used to
improve the safety and economy of concrete construction. For example, reliable measurements
of in-place concrete strength can be used to determine when adequate strength has been obtained
to allow removal of shoring, transfer of prestressing, application of post-tensioning, and termination
of curing. In-place strength information allows each of these operations to proceed safely and at
the earliest possible time, leading to more economical construction.
Many methods for measuring in-place concrete strength have been explored. Those
methods that have been standardized by ASTM (1990) include: rebound hammer (ASTM C 805);
probe penetration (ASTM C 803); pullout (ASTM C 900); ultrasonic pulse velocity (ASTM C 597);
maturity (ASTM C 1074); and, cast-in-place cylinder (ASTM C 873). ACI Committee 228 (1988)
states that "Additional fundamental research is needed to improve our understanding of how these
methods are related to concrete strength and how the test results are affected factors by factors
other than strength." There is also a need for additional test methods that may offer advantages
in accuracy, reliability, economy and simplicity over the use of existing methods.
This report describes tests that were performed to evaluate the feasibility of using the
'll
impact-echo method to determine the in-place strengt.fi of concrete in plate-like elements such as
slabs and walls. In the impact-echo method, a stress pulse is introduced into an object by
mechanical impact on its surface, and this pulse undergoes multiple reflections (echoes) between
opposite faces of the object. The surface displacement of the object, caused by the reflected
pUlse, is monitored at a location adjacent to the point of impact, and the frequency of successive
arrivals is determined. Knowing the thickness of the test object, the compression wave (P-wave)
2
velocity is determined. Changes in P-wave velocity as the concrete matures are used to estimate
the in-place strength of concrete.
The work described in this report represents a significant advancement towards the
development of a standardized test for measuring the in-place strength of concrete using the
impact-echo method. For the first time, the impact-echo method has been used to estimate early-
age concrete strength in structural elements, specifically plate-like structures such as slabs and
walls.
1.2 OBJECTIVES
The objective of the proposed research is to continue the development of the impact-echo
method as a means for evaluating the in-place strength of concrete. The focus of the work in this
report is the nondestructive evaluation of early-age concrete strength, i.e. during construction.
Specific objectives of the research are as follows:
1. Evaluate the feasibility of performing impact-echo tests on a large volume of early-age
concrete. Earlier work (Pessiki and Carino 1988, 1987) was based on tests of prepared
cylinders in which-trle impact energy was confined to a small volume of concrete. In a
larger volume of concrete such as a slab, the P-wave may be more strongly attenuated
and thus make impact-echo measurements more difficult.
2. Evaluate the influence of underlying formwork materials. Different underlay materials
that have different acoustic impedances may influence the manner in which the P-wave
is reflected at the concrete-formwork interface.
3. Evaluate the influence of steel reinforcement. The presence of steel reinforcement may
affect the impact-echo measurements because the acoustic impedance Z differs greatly
from that of concrete.
3
1.3 SUMMARY OF APPROACH
The research involved tests of plate-like elements (slabs and walls). In each experiment
a slab and several prepared cylinders were cast from a batch of concrete. Impact-echo testing was
performed on the slab, on cores taken from the slab and on the prepared cylinders. After P-wave
velocity was determined the prepared cylinder or core was tested in compression to obtain
concrete strength. This lead to three relationships: 1) the prepared cylinder strength-velocity
relationship; 2) the core strength-slab velocity relationship; and, 3) the core strength-core velocity
relationship.
The slabs tested in this study can be grouped into two categories:
1. Plain concrete slabs cast on different formwork materials; and,
2. Steel reinforced slabs cast on oiled plywood formwork.
1.4 SUMMARY 01= FINDINGS
It was found that the impact-echo method can be used as a means to nondestructively
determine the in-place strength of concrete in plate-like structures. The method can be used to
measure concrete strength in both plain and steel-reinforced elements, and in concrete cast against
a variety of formwork materials.
1.5 SCOPE OF REPORT
Chapter 2 discusses the background material needed to understand the impact-echo
method as it is used in this research. The chapter includes a description of how the P-wave
velocity is determined by the impact-echo method.
Chapter 3 presents a literature review of previous stress wave propagation methods used
to estimate concrete strength. Specifically, the results of pulse velocity research and impact-echo
research are reviewed.
4
Chapter 4 describes the experimental program, including a description of the test plan and
a general overview of the experimental set-up and experimental procedure.
Chapter 5 presents a detailed discussion of the interpretation of the results of a typical
experiment. A number of waveforms and frequency spectra are presented from one specimen.
The resulting strength-velocity data are shown, and the technique used to fit a curve to the data
is described.
Chapter 6 presents the strength-velocity results of plain concrete slabs cast on different
underlay formwork materials. A total of nine plain concrete slab specimens were studied, including
slabs cast against polystyrene, oiled plywood, hardened concrete and crushed stone. These
results are then discussed in Chapter 7.
Chapter 8 presents the results of the tests performed on steel-reinforced slabs. A total of
four steel-reinforced slabs were studied. Chapter 9 discusses the results of Chapter 8, including
a discussion on how the size, depth and type of reinforcement in a slab can influence P-wave
velocity measurements.
Finally, chapter 10 summarizes the important results and conclusions of this research, and
outlines future research needs.
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CHAPTER 2
BACKGROUND
2.1 INTRODUCTION
This chapter provides background information needed to understand the impact-echo
method. Section 2.2 presents information on elastic stress wave propagation in solids. This
includes a description of the type of waves imparted into an object by mechanical impact, the
presentation equations for their velocities, and a discussion of the reflection and transmission of
stress waves at interfaces. Section 2.2 also discusses the importance of the duration of impact
and the resulting frequencies of the stress waves imparted into an object. Section 2.3 describes
how the P-wave velocity is determined by the impact-echo method. Finally, the expected concrete
strength-P-wave velocity relationship is explained in Section 2.4.
2.2 ELASTIC STRESS WAVE PROPAGATION
2.2.1 Stress Waves Generated by Impact
Three types of stress waves are generated by impact on the surface of an elastic solid; a
surface (R) wave, a distortional (S) wave, and a dilatational (P) wave. The wavefronts caused by
a point impact on the surface of the solid are shown in Figure 2.1. The R-wave propagates along
the surface in a circular pattern and the S- and P-waves radiate from the impact point into the solid
along hemispherical wavefronts. The S-wave is associated with shear stress and the P-wave is
associated with normal stress. The impact-echo method is based upon monitoring surface
displacements caused by the propagation of the P-wave.
The velocity of propagation of stress waves through an infinite elastic medium depends
upon the elastic modulus of the material E, Poisson's ratio u, and the material density p. P-wave
velocity can vary depending on the dimensions of the solid relative to the wavelength of the
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propagating wave. In an infinite elastic solid, the P-wave velocity Cp is given by the equation
(Timoshenko and Goodier 1970)
E(1-u) ]
(1+u)(1-2u)p
1/2
(2.1 )
For rod-like structures free to expand laterally, the stress component perpendicular to the axis of
the rod becomes negligible, and the P-wave velocity approaches what is termed the longitudinal
rod velocity (Timoshenko and Goodier 1970),
Cp +] 1/2 (2.2)
The S-wave velocity in an infinite elastic medium, C., is written as
1/2
[ ~ j
where the shear rigidity is expressed as
(2.3)
G E
2(1+u)
(2.4)
Thus, the S-wave velocity is given by the equation
C. (2.5)
The R-wave velocity, Cr , is approximated by the equation (Viktorov 1967)
7
C, 0.87 + 1.12 u
1 + U
C. . (2.6)
2.2.2 Reflection and transmission of Stress Waves at an Interface
The acoustic impedance Z of a material is equal to the product of the density of the
material p and the wave speed C in the material
Z pC (2.7)
An acoustic interface is the interface between two materials with differing acoustic
impedances. When a stress wave encou.nters an acoustic interface, reflection and transmission
occurs. The stresses associated with the reflected and transmitted waves depend upon the angle
of incidence and the acoustic impedance Z of each material.
To focus the discussion relevant to the impact-echo method, consider a single ray along
a P-wave propagating in material 1 with acoustic impedance Z,. as shown in Figure 2.2 (a). The
stress intensity of this incident wave is 01. The ray is shown as a solid arrow which in this report
indicates a compression wave. A ray along a tension wave will be shown as a dashed arrow.
As this stress wave encounters at normal incidence a second material with acoustic
impedance ~, reflection and transmission occur. The stress associated with the reflected stress
wave, OR' is given by the equation
01 [(Z2 - Zl) ]
. (Z2 + Zl)
The stress associated with the transmitted stress wave, 0T' is given by the equation
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(2.8)
(2.9)
Consider first the case where Zl is greater than ~, as shown in Figure 2.2 (b). Equation
(2.8) shows that the reflected stress wave changes sign, Le. the incident compression wave in
material 1 is reflected as a tension wave. A ray along this reflected tension wave is shown as a
dashed arrow in Figure 2.2 (b). The transmitted wave maintains the same sign as the incident
wave as shown by Equation (2.9). A ray along this transmitted compression wave is shown by as
a solid arrow in Figure 2.2 (b). If instead the incident wave were a tension wave, the reflected and
transmitted waves would be compression and tension waves, respectively.
Figure 2.2 (c) shows the situation that obtains when Zl is less that Z2. In this case, both
the reflected and transmitted waves maintain the sign of the incident wave. In Figure 2.2 (c), the
incident compression wave gives rise to reflected and transmitted compression waves. Likewise,
an incident tension wave would give rise ,to reflected and transmitted tension waves. A more
complete description of the propagation of stress waves in solids can be found in Elmore and
Heald 1985, Graff 1975, Kolsky 1963.
The forgoing discussion is the basis of understanding what happens to a P-wave as it
propagates through one material having a certain acoustic impedance (e.g. early-age concrete) and
encounters a second material with a different acoustic impedance (e.g. air, wood, hardened
concrete, steel, etc.).
2.2.3 Contact Time and Frequency Content of Impact
The force of an elastic impact of a sphere on a solid can be described using the Hertz
theory of elastic impact. The theory models the force-time function of impact as a half-cycle sine
curve (Goldsmith 1965),
F (t) FMAX sin ( IT t / te ) 0 < t < te
9
(2.10)
where FMAX is the maximum force exerted during the impact and to is the contact time (duration)
of impact. The normalized force-time function is shown in Figure 2.3.
Also, from the Hertz elastic theory, it has been shown that the contact time of a steel
sphere dropped onto a thick plate is (Goldsmith 1965)
5.97 [ Ps ( Os + Op ) ] 0.4 .B...
ho. 1
where,
~
Ep
1 - 'Us 2
Es
and
Ps density of the sphere, kg/m3
R radius of the sphere, m
h droph~ghtm
'Up Poisson's ratio for the plate
'Us Poisson's ratio for the sphere
Ep Elastic modulus of the plate, N/m2
Es Elastic modulus of the sphere, N/m2
(2.11)
(2.12)
(2.13)
For a steel sphere dropped onto a mature concrete slab (Ep = 36 x 109 N/m2 and up = 0.2) the
contact time becomes
0.00858 R
-h-o.1
(2.14)
Equation (2.14) indicates that the contact time is directly proportional to the sphere diameter and
relatively insensitive to changes in drop height. Experimental contact times in this research were
found to be longer than those predicted by Equations (2.11) and (2.14). This is most likely due to
the inelastic behavior of the cement paste at the point of impact, especially at early ages.
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Using the Fourier transformation, the force-time function in Figure 2.3 is equivalent to the
summation of a range of continuous sinusoidal force-time functions with different frequencies,
amplitudes and phase shifts. Similarly, it can be said that a range of frequencies, or a range of
waves with different wavelengths, is imparted into an object by impact. The frequency content of
this force-time function is revealed by its frequency spectrum as shown in Figure 2.4. The
amplitude and frequency axis of the spectrum are expressed in terms of the contact time. Points
of zero amplitude occur at frequencies of 1.5 I te , 2.5 I te , etc. From this plot it can be seen that
the significant contributions of energy imparted by the impact are at frequencies approximately
below the inverse of the contact time te . Using Figure 2.4, the frequency content for a given
contact time can be determined. For example, a 60 Ils contact time results in the first point of zero
amplitude at 1.5 I te :: 25 kHz and frequencies with significant amplitude below 1 I te = 16.7 kHz.
Figure 2.4 also shows that as the contact time becomes shorter (smaller sphere), the range of
frequencies containing significant energy increases. On the other hand, by using a smaller size
sphere as an impact source the amplitude of the resulting signal is reduced.
2.3 DETERMINATION OF P-WAVE VELOCITY BY THE IMPACT-ECHO METHOD
Figure 2.5 is a cross-section view of a slab specimen subjected to impact-echo testing.
In this case, the acoustic impedance of the early-age slab ZEA is greater than that of the underlay
material Zu. The P-wave generated by impact on the top surface of the object initially propagates
along a hemispherical wavefront as a compression wave. A single ray along this wavefront is
shown in Figure 2.5 as a solid line. When this wave is incident on the boundary between the early-
age concrete and the underlay material, reflection occurs. For the case shown in Figure 2.5, ZEA
> Zu, so the stresses associated with the P-wave change sign, Le. the incident compression wave
is reflected as a tension wave. This reflected tension wave, shown as a dashed arrow in Figure
2.5, propagates towards the top surface of the slab. When this tension wave arrives at the top
surface, reflection again occurs and the P-wave propagates back towards the bottom as a
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compression wave. The sign of the stress wave changes at the top surface of the specimen since
the acoustic impedance of the early-age concrete is greater than that of air. In this manner the P-
wave undergoes mUltiple reflections between the top and bottom surfaces of the specimen until
it is damped out.
Each arrival of the reflected P-wave at the point of impact causes displacements of the
concrete surface. The time-history of the surface displacement (displacement waveform) is
obtained with a displacement transducer positioned adjacent to the impact point. A typical
displacement waveform obtained from a nominal 203 mm (8 in.) thick concrete slab specimen 50.7
hours after casting is shown in Figure 2.6 (a). The time interval between successive arrivals of the
P-wave at the top surface of the slab. Lit, is difficult to discern in this figure. The path length
traveled by the P-wave between successive arrivals is twice the specimen thickness. 2 TEA' Thus
the P-wave velocity in the object can be calculated as
(2.15)
The periodicity of the reflections in the displacement waveform can be obtained by transforming
the time domain waveform into the frequency domain using the principle of the Fourier transform
(Stearns 1975). Transformation of the displacement waveform in Figure 2.6 (a) results in the
frequency spectrum shown in Figure 2.6 (b). The dominant peak in the spectrum at 9.135 kHz is
the frequency fp of the successive arrivals of the multiply reflected P-wave. Other peaks are due
to other modes of vibration excited by the impact. Since the time interval between successive
arrival is
(2.16)
Equation (2.16) becomes
(2.17)
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In this study, impact-echo tests are interpreted in the frequency domain. Equation (2.17) is used
to compute Cpo For the example shown in Figure 2.6 (b), this leads to a P-wave velocity of Cp =
2 (0.207 m) (9135 Hz) = 3780 mls (12,400 ft/s) (Note: 0.207 m is the actual measured slab
thickness).
The preceding discussion of determining the P-wave velocity was based on the early-age
concrete having' a higher acoustic impedance than the second underlay material (lEA> lu).
However, there are situations were the early-age concrete has a lower acoustic impedance than
the second material (lEA < lu)' Examples of this would be a concrete-steel interface, or an early-
age concrete-mature concrete interface. As discussed in Section 2.2.2, the reflecting P-wave at
the interface will not change sign. However, the P-wave will continue to change sign upon each
arrival at the top of the slab (concrete-air interface). Thus the arrivals of the P-wave at the slab
surface exhibit a sign change, causing the surface to be displaced either upwards or downwards,
depending upon whether the P-wave is a compression wave of a tension wave. Accordingly, the
time interval between successive arrivals of the P-wave of the same sign is twice the time interval
of the situation where lEA < lu. Therefore, the equation to compute the P-wave velocity must be
modified to
(2.18)
Or in terms of the frequency of the P-wave fp ,
(2.19)
Applications of Equation (2.19) will be discussed in Chapters 7 and 9.
2.4 ANTICIPATED CONCRETE STRENGTH· P·WAVE VELOCITY RELATIONSHIP
It has been shown empirically by Pauw (1960) that for mature concrete the modulus of
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elasticity of concrete Ec is proportional to the square root of the unconfined compressive strength
f 1/2
c (2.20)
Further, Equations (2.1) and (2.2) show that the P-wave velocity through an elastic solid is
proportional to the square root of the elastic modulus E,
E 1/2 (2.21 )
By assuming that Equation (2.21) also applies to early-age concrete, and sUbstituting E in Equation
(2.21) with Ec from Equation (2.20,) Cp can be expressed as
f 1/4
c
or similarly,
C 4
P
(2.22)
(2.23)
Thus from this combination of empirical and theoretical equations an approximate fourth-order
relationship is expected to exist between concrete compressive strength and P-wave velocity. This
anticipated fourth-power relationship is shown schematically in Figure 2.7.
2.5 ANTICIPATED SLAB VELOCITY-CORE VELOCITY RELATIONSHIP
As discussed in Chapter 4, the research in this report involved impact-echo tests on
concrete cylinders, slabs and cores. The difference in velocities can be predicted through the
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theoretical equations for the P-wave velocity in an infinite solid and the P-wave velocity in a long
thin rod, Equations (2.1) and (2.2) respectively. By assuming that: 1) the P-wave velocity in a slab
is equal to the P-wave velocity in an infinite solid; and, 2) the P-wave velocity in a core sample is
equal to the P-wave velocity in a long thin rod, dividing Equation (2.1) by Equation (2.2) results in
1/2
( 1 - u )
(1+u){1-2u)
(2.24)
For example, u for mature concrete is often assumed to be equal to about 0.2. Thus, from
Equation (2.24) the P-wave in a mature concrete slab can be expected to travel 5% faster than in
a concrete core with the same material properties.
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Impact
Figure 2.1. Wavefronts of P-, S- and R-waves caused by point impact on a surface.
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Figure 2.2. Reflection of P-wave at acoustic intertace.
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Figure 2.7. Anticipated fourth-power relationship between compressive strength and P-wave
velocity (Pessiki and Carino 19B7).
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CHAPTER 3
LITERATURE REVIEW
3.1 INTRODUCTION
This chapter provides a summary of existing literature on previous applications of stress
wave propagation techniques to concrete strength evaluation. Two methods are treated: the pulse
velocity method in Section 3.3.1 and the impact-echo method in Section 3.3.2. A comparison of
these two methods is presented in Section 3.4. The chapter begins with an overview of existing
in-place strength tests in Section 3.2.
3.2 OVERVIEW OF IN-PLACE CONCRETE STRENGTH TESTS
Many methods for measuring in-place concrete strength have been explored. Those
methods that have been standardized by ASTM (1990) include: rebound hammer (ASTM C 805);
probe penetration (ASTM C 803); pullout (ASTM C 900); ultrasonic pulse velocity (ASTM C 597);
maturity (ASTM C 1074); and, cast-in-place cylinder (ASTM C 873). The general methodology
used in each of these tests is the same. First, a relationship is established between concrete
cylinder strength and the results of a specific in-place test. This is usually done in the laboratory
for a given concrete mixture. Tests are performed at various ages and the resulting paired data
are used to develop an empirical relationship such as the one shown in Figure 3.1 (ACI Committee
228 1988). Once established, this relationship is used to estimate the strength of the concrete in
the structure, using the results of in-place tests performed on the structure.
In order to reliably use an in-place test as a means of estimating concrete strength, it is
important to understand how the concrete strength-test result relationship is influenced by factors
other than concrete strength. The state-of-the-art report by ACI Committee 228 (1988) discusses
for each standardized test method those factors other than strength that can influence test results.
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For example, the rebound hammer test result may be influenced by local surface dryness and
roughness. Only the concrete in the immediate vicinity of the plunger influences the measurement.
The probe penetration resistance test is strongly influenced by the hardness of the aggregate. The
ACI Committee 228 report also describes the inherent limitations to each of the standard in-place
tests. For example, the pullout and maturity tests both require preplanning to determine where to
place devices in the structure (inserts and thermocouples, respectively) prior to concrete placement.
As will be explained in Section 3.3.1, the pulse velocity technique requires access to opposite
surfaces of a structure. For many structures, this may not be convenient or feasible.
3.3 PREVIOUS APPLICATIONS OF STRESS WAVE PROPAGATION TECHNIQUES TO EARLy.
AGE CONCRETE
The impact-ecHo method is a transient stress wave propagation technique. Stress wave
propagation has been used in the past to study the setting behavior and strength gain of concrete
using another method called the ultrasonic pulse velocity technique. In this method, a pulse, or
short train of stress waves, is introduced into a test object at one surface by a transmitting
transducer. The arrival of this pulse is detected at a second location with a receiving transducer.
The time interval between the initiation and reception of the pulse is measured, and the pulse
velocity is determined by dividing this time interval by the known distance between the source and
the receiver.
3.3.1 Pulse VelocIty Method and Concrete Strength
Many researchers have explored the relationship between pulse velocity and concrete
compressive strength (Bullock and Whitehurst 1959; Byfors 1982,1980; Elvery and Ibrahim 1976;
Jones 1953, 1949; Kaplan 1960, 1959, 1958; Whitehurst 1959). The general form of the
relationship that was found to exist is similar to the anticipated relationship for the impact-echo
method as presented in Figure 2.7. These studies investigated the influence of many variables on
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the strength-velocity relationship, including the influence of curing temperature, type and amount
of coarse aggregate, water to cement (w-c) ratio, and moisture content. Elvery and Ibrahim (1976)
performed what is probably the most extensive investigation, and a report by Sturrup, Vecchio, and
Caratin (1984) provides a comprehensive review of previous research in this area. The following
is a summary of studies made to explore the influence of the variables listed ab6ve on the pulse
velocity-compressive strength relationship.
3.3.1.1 Curing Temperature
The influence of curing temperature upon the pulse velocity-compressive strength
relationship is uncertain. Elvery and Ibrahim (1976) concluded that curing temperature does not
influence the relationship between pulse velocity and compressive strength at strengths above 2
MPa (290 psi). Sturrup, Vecchio, and Caratin (1984) presented pulse velocity-compressive
strength curves for concretes cured at 10, 21, and 32 DC ( 50, 70 and 90 of ), and concluded that
curing temperature does affect the pulse velocity-compressive strength relationship. These differing
conclusions may result from differences in experimental technique with regard to how quickly the
specimens were brought to the specified curing temperatures.
3.3.1.2 Type and Amount of Coarse Aggregate
As was explained in Section 2.2.1, wave speed is expected to increase with an increase
in elastic modulus. Therefore, an aggregate with a higher elastic modulus can be expected to lead
to a higher pulse velocity for a given aggregate content, and this has been confirmed by several
researchers (Jones 1953; Sturrup and Vecchio 1984). It is also clear from the results of previous
work that an increase in aggregate content produces a higher pulse velocity for a given
compressive strength (Bullock and Whitehurst 1959; Elvery and Ibrahim 1976; Jones 1953, 1949).
Since normal weight coarse aggregate has a higher elastic modulus than cement paste (for
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moderate w-c ratios), an increase in the aggregate content would be expected to increase the
pulse velocity.
3.3.1.3 Water to Cement Ratio
The pulse velocity-compressive strength relationship is independent of w-c ratio (Byfors
1982, 1980; Elvery and Ibrahim 1976; Jones 1953). Elvery and Ibrahim '(1976) reported that
changes in w-c ratio had even less influence on the pulse velocity-compressive strength
relationship than changes in curing temperature. Jones (1953) pointed put that an increase in w-c
ratio increases the number of water voids present in the concrete. These voids decrease both the
compressive strength and pulse velocity, and the relationship between the two apparently is
unchanged.
3.3.1.4 Moisture Content
A decrease in moisture content leads to a decrease in pulse velocity for a given concrete
strength. In several of the studies that explored the influence of moisture content, the specimens
were oven-dried prior to testing. This is a more severe drying situation than would be encountered
in early-age concrete in an actual structure where proper curing procedures would likely be used.
3.3.2 Previous Applications of the Impact-Echo Method to Early-Age Concrete
The impact-echo method has been used in the past to study both the setting behavior and
the strength gain of concrete (Pessiki and Carino 1988, 1987). The following is a summary of the
research related to the study of concrete strength. The research was a feasibility study that had
two objectives. The first objective was to evaluate the general applicability of the method as a
means of strength estimation by exploring the relationship between concrete strength and P-wave
velocity. The second objective was to examine the influence of curing temperature, w-c ratio, and
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testing to determine concrete strength.
aggregate content upon this relationship. The results are summarized here in sufficient detail to
illustrate the significant potential of the method.
The study was periormed on cylindrical concrete specimens. P-wave velocity in each
specimen was determined using the impact-echo method. This was followed by compression
\
The th~ee mixture proportions used in the study are given in Table 3.1. Table 3.2 presents
a summary of the experimental program. The basis of comparison was the strength-velocity
relationship for Mixture 1, cured at 20°C (68 OF). To investigate the influence of curing
temperature, four batches of concrete were made using Mixture 1, and specimens were cured at
approximately 20,35, and 10°C (68,95, and 50 OF). These specimens were referred to as the
room-, hot- and cold-cured specimens, respectively. To investigate the influence of w-c ratio,
concrete Mixture 2 was made with the same volumetric fraction of aggregate as Mixture 1, but with
a lower w-c ratio (0.50 versus 0.57). Finally, to investigate the influences of aggregate content,
Mixture 3 was made with the same w-c ratio as Mixture 1, but with an increase in the volume
fraction of aggregate from 0.67 to 0.72.
The specimens were cast in 102 x 203 mm (4 x 8 in.) cylinder molds. Immediately after
casting, the specimens were placed in Iims,saturated curing baths maintained at the specified
curing temperatures. Prior to impact-echo testing, the cylinders were capped with a high-strength
sulfur capping compound. This provided smooth suriace upon which to carry out the impact-echo
tests. It is noted that capping was not needed for the impact-echo test, but rather for the
compression test. The sulfur mortar caps did not influence the measurement of Cp (Pessiki and
Carino 1987). Immediately after determining the P-wave velocity the cylinders were tested in
compression. Hence, each datum point is the result of an impact-echo test and a compression test
on the same cylinder.
Figure 3.2 shows the strength and P-wave velocity data for 33 concrete cylinders of Mixture
1 cured at room temperature. The earliest measurements were made approximately 12 hours after
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mixing, at which time the velocities were approximately 2100 mls (6890 ft/s) and the corresponding
strengths were approximately 2.0 MPa (290 psi). Superposed on the data is a curve having an
equation of the form
b
a .QQ... +
n
(3.1 )
where f
c
= compressive strength, Cp = P-wave velocity, and a, band n = constants. The equation
was fit to the data by first transforming it into a linear equation by taking its logarithm
log a + b log .QE.... + 1
n
(3.2)
The values of the constant a and b were determined by linear regression for increasing values of
the constant n. Details are given by Pessiki and Carino (1987).
Pessiki and Carino found that measurements of P-wave velocities were easily obtained at
very early ages, Le. when the concrete had little appreciable strength. Repeated velocity
measurements on any particular cylinder at a given age showed excellent repeatability.
3.3.2.1 Curing Temperature
Figures 3.3 and 3.4 show the strength-velocity data from the hot-cured and cold-cured
specimens of Mixture 1, respectively. Superposed on the data in each figure is the best-fit curve
to the room-cured data of Mixture 1. The earliest measurements of the hot- and cold-cured
specimens were made at ages of about 6 hours and 24 hours, respectively. Figure 3.4 shows that
the hot-cured data agree well with the room-cured strength velocity curve up to a velocity of about
3000 mls (9840 ft/s). Thus it appears that the increase in curing temperature altered the strength-
velocity relationship at later maturities. Figure 3.5 shows that there is good agreement
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between the data of the cold-cured cylinders and the room-cured curve. The decrease indicated
that in curing temperature did not influence the strength-velocity relationship.
3.3.2.2 Water-Cement Ratio
Figure 3.5 shows the strength-velocity data from room-cured cylinders made from the lower
w-c ratio (0.50) concrete (Mixture 2) plotted with the strength-velocity curve of Mixture 1 (w-c ratio
= 0.57). There is good agreement between the low and high w-c ratio results up to velocities of
about 4000 mls (13120 ft/s). Thus, even though the lower w-c ratio concrete reached any strength-
velocity point at an earlier age than the high w-c ratio concrete, the strength-velocity relationships
were the same.
3.3.2.3 Aggregate Content
Figure 3.6 shows the strength-velocity data from the high-aggregate content concrete
(Mixture 3). Again, superposed on the data is the best-fit curve of the room-cured specimens from
Mixture 1. The figure shows that the increase in aggregate content shifts the strength-velocity data
to the right. By increasing the aggregate content, there was an increase in the proportion of higher
elastic modulus material, thus increasing the composite velocity of the concrete. The compressive
strength was not apparently affected by the change in aggregate content as evidenced by similar
28-day strengths for Mixtures 1 and 3. Thus, for any compressive strength, the concrete with a
greater aggregate content had a greater P-wave velocity. A simple series model has be used to
quantify the influence of aggregate content (Pessiki and Carino 1987).
3.3.2.4 Discussion
In Figure 3.2 the tests made at ages of 1, 3, and 7 days are identified. It is seen that the
sensitive region of the strength-velocity relationship lasted for about 3 days, at which age the
concrete attained approximately 60 percent of the 28-day strength. This is within the range of
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strength typically required for many construction operations such as stripping formwork or
transferring prestress. Pessiki and Carino concluded that the use of strength-velocity relationship
may be a useful approach for estimating concrete strength at early maturity.
An increase in curing temperature resulted in a lower strength at a given velocity. Pessiki
and Carino suggested that a possible reason for this relates to the uniformity of the porosity of
hydration product. As noted by Pessiki and Carino, Verbeck and Helmuth (1968) have suggested
that, at higher curing temperatures, the rate of hydration may be too fast to allow the products of
hydration to diffuse and precipitate uniformly throughout the interstitial space between cement
grains. They further suggest that such a nonuniform porosity would lead to a lower strength
because strength would be limited by the more porous regions of the paste. Pessiki and Carino
(1987) concluded that while the P-wave velocity depends upon porosity, it may not depend upon
the distribution of porosity. Thus, at any degree of hydration, both the room- and hot-cured
specimens may have had the same porosity and, hence, the same velocity. However, the
nonuniform distribution of porosity in the hot-cured specimens lead to a lower strength.
Pessiki and Carino found that a change in w-c ratio from 0.50 to 0.57 influenced the
strength-velocity relationship only at high maturity. They concluded, however, that thIs is probably
above the useful range of the strength-velocity relationship because at high maturity velocity is
relatively insensitive to changes in strength.
Finally, Pessiki and Carino found that the strength-velocity relationship was influenced by
an increase in aggregate volume. They concluded that the correlation must be established for a
given concrete mixture, and that control must be exercised over batching operations for the
correlation to be applicable.
3.4 COMPARISON OF THE IMPACT-ECHO AND PULSE VELOCITY TECHNIQUES
The general form of the relationship between P-wave velocity and compressive strength
is the same as the general form of the relationship between pulse velocity and compressive
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strength. Further, the influence of w-c ratio and aggregate content on the strength-velocity
relationships is the same for both techniques. These similarities between the two methods are
anticipated, as both are stress wave propagation techniques. Despite the similarities cited above,
there are a number of important differences between the two methods that must be emphasized.
First, ultrasonic stress waves used in the pulse velocity method are relatively high frequency (short
wavelength), whereas stress waves generated by the impact are relatively low frequency (long
wavelength) stress pulses. These lower frequency, longer wavelength stress waves "view"
concrete as a homogeneous material with little scattering at the paste-aggregate interfaces and are
thus less strongly attenuated as compared to the higher frequency ultrasonic stress waves.
Second the pulse velocity method is a through-transmission technique that uses the time reqUired
for a pulse to travel one time through the thickness of an object to compute pulse velocity. In
contrast, the impact-echo method uses the time interval between successive arrivals of the P-wave
that travels multiple times between opposite surfaces of the test object. This difference may be
exploited to make the impact-echo method a more versatile test as compared to the pulse velocity
method.
Pulse velocity is not widely used in the United States as a means of measuring the in-place
strength of concrete. This may be due in part to the misapplication of the method as a means of
measuring the strength of mature concrete. As with the impact-echo method, the general form of
the pulse velocity-compressive strength relationship suggests that the method is better suited for
measuring concrete strength at early maturity. A second reason for limited use of the pulse
velocity method in the United States is that the test requires access to two, J~ften opposite faces
of a member. This is not always..-practical and in some cases impossible. For example, to
measure the strength of a concrete slab requires measurements on the top and bottom surfaces
of the slab. Measurements on the underside of the slab would have to be made through the
formwork, or more likely would require the removal of a small area of formwork to gain access to
the concrete. This becomes especially impractical if measurements are to be made at several
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locations. Provided that adequate reflections are obtained at the concrete-formwork interface, the
impact-echo method requires access to only one surface of a member and therefore overcomes
this difficulty.
Other factors complicate the use of the pulse velocity method. For example, the presence
of steel reinforcement in a structure can lead to an apparent increase in the pulse velocity, since
pulse velocity is faster in steel than in concrete. This effect is particularly important in heavily
reinforced members and when the reinforcing bars are located parallel to the direction of
measurement (Bullock and Whitehurst 1959; Chung 1978). In the impact-echo method the fact that
the P-wave travels multiple times between opposite surfaces of the test object may allow the
influence of the steel reinforcement to be separated out in the frequency domain. The influence
of steel reinforcement on impact-echo tests is explored in the present study.
There are several other features common to the impact-echo and pulse velocity methods
which make them attractive in-place strength measurement techniques. First, the locations at
which measurements are to be made does not require any preplanning with regard to hardware
that must be positioned in the structure prior to concrete placement (unlike, for example, the pullout
1
test which requires pre-placement of inserts). Second, a test can be repeated as often as desired
at the same location, so that the progress of strength development can be monitored. This may
further assist builders in planning construction operations, since the time when a particular required
strength will be attained can be more accurately predicted. Finally, both the impact-echo and the
pulse velocity methods can be viewed as obtaining some average measure of concrete strength
through the thickness of a member. This is in contrast to the rebound hammer, probe penetration,
and pullout tests which all measure some property of the concrete in a region close to the concrete
surface.
qO
I
Mixture Water Cement Coarse Aggregate Fine
Number 31.5 to 12.5 to Aggregate
12.5 mID 4.75 mID
(gm) (gm) (gm) (gm) (gm)
1 570 1000 801 2185 1984
2 500 1000 743 2008 1754
3 574 1000 974 2632 2287
Table 3.1. Mixture proportions for compressive strength tests by Pessiki and Carino (1987).
Volumetric Number of Specimens
Batch Mixture Aggregate w-c Slump Number of cured at
Number Fraction Ratio .(mm) Specimens 10 C 20 C 35 C
1 1 0.67 0.57 195 15 15
2 1 200 18 4 14
3 1 180 20 15 5
4 1 180 19 9 10
5 2 0.67 0.50 90 14 14
6 2 0.67 0.50 90 13 13
7 3 0.72 0.57 25 14 14
8 3 0.72 0.57 25 13 13
Table 3.2. Summary of strength test program by Pessiki and Carino (1987).
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Cylinder
strength
Test value
Figure 3.1. Methodology of in-place strength estimation (ACI Committee 228 1988).
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Figure 3.2. Strength-velocity data of room cured prepared cylinders (Pessiki and Carino 1987).
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Figure 3.3. Strength-velocity data of hot cured prepared cylinders and best fit curve of room
cured prepared cylinder data in Figure 3.2 (Pessiki and Carino 1987).
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Figure 3.4. Strength-velocity data of cold cured prepared cylinders and best fit curve of room
cured prepared cylinder data in Figure 3.2 (Pessiki and Carino 1987).
33
A LOW W-C RATIO
HIGH W-C RATIO
40'
35
30
,....
0 250..
:f
'-'
:I: 20
.....
Cl
Z
w
n: 15
.....
(()
10
5
0
1.8 2.2 2.6
A
A
3.4 3.8 4.2
VEL~CITY ( km/~ )
Figure 3.5. Strength-velocity data of lower w-c ratio prepared cylinders and best fit curve of room
cured prepared cylinder data in Figure 3.2 (Pessiki and Carino 1987).
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CHAPTER 4
DESCRIPTION OF EXPERIMENTAL PROGRAM
4.1 INTRODUCTION
This chapter describes the experimental program. This includes a brief review of the
objectives of the research, a description of the test plan and specimen details, and a summary of
the approach in Section 4.2. Section 4.3 provides the details of the experimental set-up, including
specimen preparation, concrete mixture proportions, and equipment. The experimental procedure
is described in Section 4.4. This includes the details of the impact-echo testing, coring,
compressive strength testing, and other general remarks about the testing procedure.
4.2 SUMMARY OF EXPERIMENTAL PROGRAM
4.2.1 Review of Objectives
As described in Chapter 3, earlier work by Pessiki and Carino was performed on small
cylindrical specimens. The present work treats actual structural elements, namely plate-like
elements that may represent slabs or walls. Specific objectives of the present study are to: 1)
evaluate the feasibility of performing impact-echo tests on a large volume of early-age concrete;
2) evaluate the influence of different underlying formwork materials; and 3) evaluate the influence
of the presence steel reinforcement.
4.2.2 Test Plan
The research involved tests of the two types of specimens
1. Plain concrete slabs cast on different formwork material; and,
2. Steel reinforced concrete slabs cast on oiled plywood formwork.
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The test plan is summarized in Table 4.1 Specimen details are given in Figures 4.1
through 4.8. Slab thicknesses given in the tables and figures are approximate and were
determined more precisely for each specimen by coring. The tests included nine plain concrete
slabs (Specimens 1 through 9) and four steel-reinforced concrete slabs (Specimens 10 through 13).
4.2.2.1 Plain Concrete Slab SpecImens
Specimen 1 and 2 were slabs cast on polystyrene boards. Each specimen was 203 mm
(8 in.) thick and cast on 12.7 mm (0.5 in.) thick polystyrene boards. Details are shown in Figure
4.1. The polystyrene boards were assumed to have an acoustic impedance close to that of air.
This test situation insured strong P-wave reflections at the concrete-polystyrene interface, so the
tests could focus on the P-wave propagation in a large volume of early-age concrete.
Specimens 3 and 4 were 203 mm (8 in.) thick slabs cast on 12.7 mm (0.5 in) thick oiled
plywood, and were intended to simulate common cast-in-place construction. Details are shown in
Figure 4.2.
Specimen 5 and 6 were slabs cast on previously hardened concrete slabs. Specimen
details are given in Figure 4.3. For each of these specimens a 203 mm (8 in.) thick slab was cast
on a previously hardened 102 mm (4 in.) thick concrete slab. The early-age slab and the
previously hardened slab had the same nominal mixture proportions. In this situation the early-age
concrete slab initially had a lower acoustic impedance than that of the underlay slab. As the early-
age concrete matures, the acoustic impedance of both slabs became about equal.
As shown in Figure 4.3, 127 mm wide strips of plastic sheeting were cast at selected
locations between the early-age and hardened slabs. These plastic sheets prevented the two slabs
from bonding at these locations and thus provided locations where 102 x 203 mm (4 x 8 in.) cores
could be removed from the early-age slabs. Impact-echo tests were performed about 180 mm (7
in.) from these core locations, through full 305 mm (12 in.) thickness of the composite early-age
/ hardened slab. Additional details of the impact-echo test locations and core locations for
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Specimens 5 and 6 are presented in Section 6.2.3.
Specimen 7 was a 240 mm (9.45 in.) thick slab cast on a 76 mm (3 in.) layer of crushed
limestone (12.7 mm (0.5 in.) maximum size). This specimen was intended to simulate common
slab-on-grade construction. The precise thickness of the early-age concrete slab in this specimen
is less clearly defined as compared to the other specimens because of the irregular acoustic
interface created by the provided by the crushed stone underlay. This slab was slightly thicker than
the other plain concrete specimens so that the bottom of the core samples (which had crushed
limestone imbedded on the surface) could be removed with a masonry saw, leaving a 102 x 203
mm (4 x 8 in.) core. Details of the specimens are shown in Figure 4.4.
Specimens 8 and 9 were thicker slabs than the other plain concrete slab specimens.
Specimens 8 and 9 were 305 mm (12 in.) thick and cast on 12.7 mm (0.5 in.) oiled plywood.
Details of the specimen are shown in Figure 4.5. These specimens were intended to 1) explore
the applicability of the impact-echo method to an even larger volume of early-age concrete, and
2) to evaluate how a larger core and prepared cylinder size would affect the strength-velocity
relationship (different size concrete cylinders are expected to give different concrete strengths).
4.2.2.2 Steel Reinforced Concrete Slab Sper-iMens
Specimens 10 through 13 were the slabs containing different amounts and arrangements
of reinforcing bars. All of these specimens were 203 mm (8 in.) thick and were cast on 12.7 mm
(0.5 in.) oiled plywood.
Specimen 10 was a slab cast with two perpendicular layers of bottom reinforcement.
Specimen 11 was a slab cast with two perpendicular layers of top reinforcement and two
perpendicular layers of bottom reinforcement. The layers of steel reinforcement in each of these
specimens consisted of #5 (16 mm (0.63 in.)) reinforcing bars spaced 178 mm (7 in.) on center.
Details of Specimens 10 and 11 are given in Figures 4.6 and 4.7, respectively. The layout of the
reinforcement was chosen be representative of typical concrete slab construction. The spacing of
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the bars allowed core samples to be removed from the slab by coring between the bars. As will
be discussed, impact-echo tests were performed at locations away from and over the reinforcing
bars.
Specimens 12 and 13 were slabs with various size reinforcement bars positioned at either
I -j the top, bottom, or top and bottom locations within the slabs as shown in Figure 4.8. Specimen
I
12 was made with plain reinforcement bars while Specimen 13 was made with epoxy-coated
reinforcement bars. Concrete strength-P-wave velocity relationships were not developed for
Specimens 12 and 13. Instead, tests on these specimens were done to evaluate how the different
steel sizes and depths influenced impact-echo readings on the early-age concrete slabs. For both
Specimen 12 and 13, tests were performed over #5 {16 mm (O.63 in.), #7 {23 mm (O.89 in.)), #9
mm {29 mm (1.13 in.)) and #11 {36 mm (1.41 in.) steel reinforcing bars.
4.2.3 Summary of Approach
Figure 4.9 shows a schematic representation of a typical experiment. A slab and several
prepared cylinders were cast for each experiment. Impact-echo tests and compression tests were
performed on the prepared cylinders to obtain a strength-velocity relationship for the concrete
mixture. Impact-echo testing was also performed at a given location on the slab and on a core
taken from the slab at this same location. After Cp was determined in the core taken from the slab,
the core was tested in compression to obtain concrete strength. In total, three strength-velocity
relationships were generated from each specimen: 1) prepared cylinder strength-velocity, 2) core
~
strength-slab velocity, and 3) core strength-core velocity, as shown in Figure 4.9.
As noted earlier, concrete strength-P-wave velocity relationships were not developed for
the slabs with various size reinforcement bars (Specimen 12 and 13). Instead, only impact-echo
tests were made to evaluate how the steel reinforcement influenced the determination of P-wave
velocity as the slabs matured.
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4.3 EXPERIMENTAL SET-UP
4.3.1 Specimen Preparation
Concrete was carefully placed in the forms to minimize segregation of the aggregate and
the paste. The slab concrete was consolidated using a vibrator and then screeded. When the
bleed water had completely evaporated the slab was hand finished with a float and trowel. The
slab was covered with muslin and / or burlap cloth and plastic sheeting and carefully wet-cured for
the entire 28-day test period. The prepared cylinders were consolidated by rodding according to
ASTM C 192. When the prepared cylinders had reached a strength of 7 MPa (1000 psi) they all
were stripped and put in a water bath. As explained later, some of the prepared cylinders were
stripped and tested at strengths lower than 7 MPa (1000 psi) to provide data at these lower
strengths.
4.3.2 Mixture Proportions
The concrete used for this study was obtained from a local ready-mix supplier. The same
28 MPa (4000 psi) 28-day design strength mixture was used for all of the specimens. This
concrete mixture had a nominal 0.48 w-c ratio and 0.62 volume fraction of aggregate. Table 4.2
lists the actual mixture proportions per cubic yard for each specimen as reported by the ready-mix
supplier. These proportions are for the aggregates in the saturated surface dry (SSD) condition,
using the actual moisture contents for the aggregates as reported by the ready-mix supplier. From
Table 4.2, the average mixture proportions per cubic yard are as follows: 3368 kg (1531 Ibs.) 12.7
mm (0.5 in.) maximum size coarse aggregate (crushed limestone); 2869 kg (1304 Ibs.) fine
aggregate; 1379 kg (627 Ibs.) Type I cement; 220 kg (100 Ibs.) fly ash; 781 kg (355 Ibs.) water.
The natural air content of the mixture was estimated at 2.5 percent. The specific gravities reported
by the ready-mix supplier for the coarse aggregate, fine aggregate, cement and fly ash were 2.76,
2.64, 3.15 and 2.42, respectively. During the colder months of testing, an accelerator was also
added to the concrete mixture to decrease the setting time as indicated in Table 4.2.
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There are two sources of error that created minor differences in the mixture proportions
between specimens. The first source of error was the inherent difficulty of obtaining accurate
weights of ingredient materials during the batching process. For the relatively small volumes
(about 2 yards) in each batch, a small error in weight creates a more significant percentage error
than if a larger batch were being prepared. This source of error created the minor variations of
- ~
mixture shown proportions in Table 4.2. The second source of error was due to corrections applied
i
to the amounts of coarse and fine aggregate weighed for each batch of concrete. Corrections were
applied to the weights of aggregates to be added (and also to the amount of mixing water to be
added) to account for the actual moisture contents of the aggregates. Any errors in these actual
moisture contents would result in errors in the volume fraction of aggregate and w-c ratio in the
mixture. This second source of error is not revealed in Table 4.2, since the values in this table
assume that the actual moisture content values are correct. Based on the results of previous
research presented in Chapter 3, variations in the volume fraction of aggregate between specimens
would be expected to cause differences in the strength-velocity relationships obtained for different
specimens. These would be most clearly revealed by comparison of the strength-velocity
relationships for the prepared cylinders. The issue of uniformity of concrete mixture proportions
between specimens is discussed further in Section 7.4.
4.3.3 Instrumentation and EqUipment
Figure 4.10 is a schematic drawing of the equipment used for acquiring, analyzing, and
storing impact-echo test results. The equipment includes a displacement transducer, preamplifier,
high-pass active filter, digital processing oscilloscope, plotter, thermocouples and a data logger.
Figure 4.11 shows the displacement transducer which consists of a piezoelectric crystal
attached to a relatively heavy brass backing supported by a plastic sleeve. The transducer
responds as a broadband point source receiver to normal surface displacements (Proctor). A thin
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lead strip (0.5 mm thick) was used to complete the electric circuit from the transducer to the
preamplifier.
The high-pass active filter was used to reduce the large amplitude low frequency resonant
vibration of the transducer. This resonant vibration typically ranged from 500 to 1000 Hz. The
use of the filter is discussed further in Chapter 5, and additional information about its operation and
performance is discussed in the Appendix.
The two-channel oscilloscope was equipped with digitizers capable of 12-bit vertical
resolution and a maximum digitizing rate of 1Megasamples/second (maximum sampling frequency
of 1 MHz). The oscilloscope was capable of directly performing the fast Fourier transformations
and storing the displacement waveforms and amplitude frequency spectra to a 89 mm (3.5 in.)
disk.
A plotter was used to plot selected waveforms and frequency spectra for hard copy
reference. Waveforms and frequency spectra shown in this report were obtained by converting the
recorded signals to ASCII code and then graphing on spreadsheet software.
The impact sources used for the tests were steel spheres with diameters of 3.2 mm (0.13
in.), 4.7 mm (0.19 in.), 6.3 mm (0.25 in.), 7.9 mm (0.31 in.) and 12.7 mm (0.50 in.). The steel
spheres were dropped through a 185 mm (7.3 in.) tube to control the drop height and the distance
between the impact and transducer.
Thermocouples and a data logger were used to monitor and record the temperature of the
center of the slab, the prepared cylinders and ambient air temperature.
4.4 EXPERIMENTAL PROCEDURE
A general overview of the impact-echo method was provided in Section 2.3, including a
description of how the P-wave velocity is determined. This section provides additional details about
the testing procedure used to obtain the P-wave velocity through the test specimens (prepared
cylinders, slabs and cores).
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4.4.1 Impact-Echo Testing
As explained earlier, the prepared cylinders and slabs were wet-cured for the entire 28-day
test period. Some water had to be dried from the specimen surfaces prior to impact-echo testing.
The prepared cylinders and cores were simply damp-dried with a paper towel prior to testing.
Ponded water was removed from the slab specimens with a squeegee, and the local areas to be
tested were then damp dried with paper towels.
Next, a 0.5 mm (0.02 in.) thick lead strip was pressed on the concrete surface using finger
pressure, and the sensing element of the transducer was placed on one end of the lead strip.
This lead strip is used to complete part of the electric circuit of the measurement system and to
provide good acoustic coupling. The transducer was then connected to the preamplifier / shield
assembly and this shield assembly was then connected to the opposite end of the lead strip to
complete the electric circuit.
To make an impact-echo measurement, a steel sphere was dropped on to the specimen
surface approximately 45 mm (1.8 in.) from the center of the transducer. The surface displacement
detected with the transducer was sent as a proportional analog voltage signal through the high
pass filter to the digital processing oscilloscope. The oscilloscope digitized the signal and was
used to compute the amplitude frequency spectrum to determine fp as described in Section 2.3.
The precision to which the P-wave velocity could be determined depended on the thickness
of the specimen and the resolution in the frequency spectrum, nf. The resolution in the frequency
domain, nf, is equal to the sampling frequency, fs ' divided by the number of data points in the
displacement waveform, N. The FFT program used to convert the displacement waveforms into
frequency spectra takes a 1000 point time domain waveform and adds null points to increase the
number of data points in the waveform N to 2048. Thus for the sampling frequencies (500, 200,
or 100 kHz, i.e. sample intervals of 2, 5, or 10 I1S), specimen thicknesses and record lengths
used in this study, the P-wave velocity could be determined to within 100, 40, or 20 rnIs (330 fils,
130 ft/s, 66 ft/s) for the 203 mm (8 in.) thick specimens.
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Higher sampling frequencies (smaller sample intervals and thus shorter duration records)
were found to produce better results for the earliest impact-echo measurements. This is because
the P-wave was quickly attenuated by the very early-age concrete. Shorter record lengths were
necessary so that the entire waveform contained information about the arrivals of the P-wave.
Larger diameter spheres were also found to work better as impact sources at very early ages. As
the concrete matured, attenuation of the P-wave no longer posed a problem. A shift was then
made to lower sampling frequencies and smaller diameter impact spheres. This shift to lower
sampling frequencies resulted in a smaller i1f, and thus improved accuracy to which the P-wave
velocity was computed.
Impact-echo tests on the slab were performed at least 0.5 m (20 in.) from the edge of the
specimen and 0.25 m (10 in.) from previous core locations to ensure accurate slab velocity
readings. These dimensions were arrived at based on tests of trial slab specimens. Strength
testing began as soon as the slab could be cored or when the prepared cylinders could effectively
be stripped. For the 203-mm (a-in.) thick specimens, this corresponded to strengths of about 1.5
MPa (200 psi) for the prepared cylinders and 4.5 MPa (650 psi) for the cores.
4.4.2 Coring
Cores were extracted with an electric coring machine held in place by a vacuum base.
Depending on the maturity of the concrete, it took about 5-10 minutes to remove a core from the
slab. The earliest cores were taken from the slab specimens about 10 hours after the concrete
was mixed. At this point the cores exhibited compressive strengths of about 4.5 MPa (650 psi).
The cut surfaces of these earliest cores had a rough appearance. It is possible that the coring
process had an adverse impact on the strength at these early ages. As the slabs matured, the
cores exhibited less damage. Visible damage caused by coring ceased at a strength of about 7
MPa (1000 psi).
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For some of the cores, the top and bottom surfaces were slightly out of parallel. However,
in no case did the end surfaces depart from perpendicularity to the longitudinal axis by more than
5°, as allowed by ASTM C 42 (ASTM 1988).
4.4.3 Compressive Strength Testing
The compressive strengths of the cores and prepared cylinders were determined according
to ASTM C 39. All specimens were tested in the same 2.7 MN (600-kip) capacity testing machine
using the same platen travel rate of 1.27 mrnlmin (0.05 in.lmin). Because it was necessary to test
the cores and prepared cylinders immediately after the impact-echo test was performed, neoprene
caps were used instead of a sulfur mortar capping compound. Almost all of the specimens had
a length to diameter ratio between 1.94 and 2.10 (ASTM C 42), so no strength correction factors
were needed.
4.4.4 General Remarks
As noted above, the earliest cores were taken from the slab specimens about 10 hours
after the concrete was mixed. Successful impact-echo tests on the slab specimens were possible
at earlier ages, but it was not possible at these earlier ages to extract an intact core that could be
tested in compression.
Successive tests were made on the slabs and prepared cylinder specimens as the concrete
strength increased by approximately 2.1 to 3.4 MPa (300 to 500 psi). Typically, this meant 5 to
8 cores were removed from the slab and tested during the first 24 hours. Testing continued on a
frequent basis during the first 3-4 days, and additional tests were made at ages of 7, 14, and 28
days.
When the slab was generating significant heat due to the hydration process (primarily
within the first three days), it was essential for the local test area to be as dry as possible. During
this time period if there was any significant amount of moisture on the surface, condensation would
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form on the underside of the transducer and preamplifier, resulting in erroneous measurements.
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CJ Slab Dimensions Underlay UnderlayPrimary Plan Thickness Material ThicknessVariable (mm) Figure(m) (mm)
Large Volume of Early- ISpecimen 1 Age Concrete 2.2 x 2.2 203 Polystyrene 12.7 4.1
Specimen 2 Large Volume of Early- 2.2 x 2.2 203 Polystyrene 12.7 4.1I\ge 9.0ncrete
Specimen 3 Plywood Underlay 2.2 x 2.2 203 Oiled Plywood 12.7 4.2
Specimen 4 Plywood Underlay 2.2 x 2.2 203 Oiled Plywood 12.7 4.2
Specimen 5 Hardened Concrete' 2.2 x 2.2 203 Hardened 102 4.3Underlay Concrete
Specimen 6 Hardened Concrete 2.2 x 2.2 203 Hardened 102 4.3Underlay Concrete
Specimen 7 Crushed Stone Underlay 2.2 x 2.2 240 Crushed 76 4.4Limestone
Specimen 8 Thicker Slab 2.2 x 2.2 305 Oiled Plywood 12.7 4.5
Specimen 9 Thicker Slab 2.2 x 2.2 305 Oiled Plywood 12.7 4.5
Specimen 10 Bottom Layer Steel 2.2 x 2.2 203 Oiled Plywood 12.7 4.6Reinforcement
Specimen 11 Top and Bottom Layer 2.2 x 2.2 203 Oiled Plywood 12.7 4.7Steel Reinforcement
Specimen 12 Plain Reinforcing Bars at 2.2 x 2.2 203 Oiled Plywood 12.7 4.8Varying Depths
Specimen 13 Epoxy-Goated Reinforcing 2.2 x 2.2 203 Oiled Pywood 12.7 4.8Bars at Varying Depths
25.4 mm = 1 in.
Table 4.1. Summary of test plan
.j:>.
--..J
0 Coarse Fine Volume Vol.Agg. Agg. Cement Fly Ash Water w-c ratio Fraction Slump Batched(Ibs) (Ibs) (Ibs) (Ibs) (Ibs) Agg. (in.) (cu. yd.) Admix.
Specimen 1 1563 1272 624 103 355 0.49 62.2 7.8 2.5 Acc!.
Specimen 2 1557 1291 626 94 353 0.49 62.5 7.0 2.5 Accl.
Specimen 3 1563 1251 633 102 360 0.49 61.8 7.8 2.0 None
Specimen 4 1469 1314 650 101 366 0.49 61.1 7.0 2.0 None
Specimen 5 1505 1278 651 102 365 0.49 61.1 7.0 2.0 None
Specimen 6 1553 1285 627 97 355 0.49 62.3 6.5 2.0 None
Specimen 7 1480 1381 620 104 345 0.48 62.9 6.5 2.0 Accl.
Specimen 8 1552 1303 618 98 351 0.49 62.7 8.3 3.0 None
Specimen 9 1554 1299 614 106 350 0.49 62.6 7.0 3.0 None
Specimen 10 1552 1285 622 103 355 0.49 62.3 7.5 2.0 None
Specimen 11 1495 1380 612 95 346 0.49 63.3 5.0 2.5 None
Average: 1531 1304 627 100 355 0.49 62.3
0.4536 kg = 1 Ibs
25.4 mm = 1 in.
0.765 cu. m. = 1 cu. yd.
Table 4.2. Mixture proportions of Specimens 1, 2, 3, 4, 5, 6, 7, 8,9, 10 and 11.
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Figure 4.6. Specimen 10 - Details and dimensions: (a) plan view (b) cross section.
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Figure 4.9. Schematic of a typical experiment.
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Figure 4.10. Schematic of equipment used for testing.
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Figure 4.11. Displacement transducer (Pessiki and Carino 1987).
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CHAPTER 5
INTERPRETATION OF A TYPICAL EXPERIMENT
5.1 INTRODUCTION
The purpose of this chapter is to provide a detailed description of the interpretation of
results of a typical experiment. Specimen 1 is used for this purpose. Two concepts are
emphasized in this chapter: 1) how the P-wave frequency fp is extracted from the prepared
cylinder, slab and core impact-echo tests; and 2) how curves~ fit to the resulting strength-
velocity data.
Section 5.2 presents the results of Specimen 1. Included in this section are examples of
displacement waveforms and frequency spectra obtained impact-echo tests of the slab and cores,
and tables that present all of the strength-velocity data for the prepared cylinders, slab and cores.
Section 5.3 explains how curves were fit to the strength-velocity data. An exponential model was
found to best represent the trend of the strength-velocity data. As described in Section 5.3, the
exponential equation was first transformed into a linear form. Linear regression was then employed
to fit the exponential equation to the strength-velocity data. The method presented in this section
was used throughout this report. Finally, Section 5.4 describes an active high pass-filter which was
used in most of the experiments.
5.2 TYPICAL RESULTS· SPECIMEN 1
Typical experimental results of interest include displacement waveforms and frequency
amplitude spectra obtained from impact-echo tests of prepared cylinders, slabs and cores. Figures
5.1 through 5.8 show selected displacement waveforms and frequency spectra obtained from tests
made on the slab and cores from Specimen 1 at core strengths ranging from 4.7 MPa (680 psi)
to 40.9 MPa (5930 psi) (ages ranging from 8.4 hours to 28 days). Included in each figure are the
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(a) the core waveform, (b) the core frequency spectrum, (c) the slab waveform and (d) the slab
frequency spectrum. The cores were extracted from the same location at which the slab
measurements were made, immediately after completion of the slab measurement. The
displacement waveforms and frequency spectra obtained from tests of prepared cylinders were
similar in general appearance to those of the cores and are not presented here. Labeled in each
frequency spectrum is the age at testing, core strength fe' frequency peak corresponding to the
multiply reflected P-wave fp , and the calculated P-wave velocity Cpo
Apparent in each displacement waveform is a low frequency oscillation that is caused by
the resonant vibration of the of the displacement transducer. This low frequency oscillation leads
to the large amplitude, low frequency peak that appears (and in some cases dominates) the
amplitude spectrum. However, relative to the low frequency peak, the peak corresponding to the
P-wave frequency dominates each frequency spectrum. Beginning with Specimen 4, an active high
pass filter was used to eliminate the influence of the transducer resonance on the displacement
waveforms and the resulting frequency spectra. The performance of the filter is discussed in
Section 5.4.
Tables 5.1 and 5.2 summarize the strength and velocity data from the prepared cylinders,
slab and cores of Specimen 1. Table 5.1 presents the information from tests on the prepared
cylinders which includes the age at testing, strength, cylinder length, P-wave frequency and P-wave
velocity. Table 5.2 presents the core age at testing, core strength, core length, slab frequency,
slab velocity, core frequency, and core velocity. The age at testing presented in Figures 5.1
through 5.8 can be compared with Table 5.2 to determine which displacement waveform and
frequency spectra correspond to which data entry in Table 5.2.
Figures 5.9 (a), (b) and (c) show the data of the prepared cylinder strength versus
prepared cylinder P-wave velocity, core strength versus slab P-wave velocity (slab velocity) and
core strength versus core P-wave velocity (core velocity).
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5.3 CURVE FITTING OF STRENGTH-VELOCITY DATA
In order to evaluate whether linear regression could be used to-fit a curve to the data in
Figure 5.9, the plots were expressed in semi-log scale. Figure 5.10 shows the strength-velocity
.....-
data from Specimen 1 with the strength axis (y-axis) in log scale. Clearly the data follows a linear
trend in the semi-log space, whereas Figure 5.9 showed the data had an exponential trend in real
space. This observation indicates that a linearized exponential equation can be used to fit a line
to the data. Also because the data has a linear trend (in semi-log space), linear regression can
be used to fit a curve to the data.
The exponential model for all the curves shown in this report is expressed as
/<
a e Cpb
which can be linearized by taking its natural logarithm to yield
In a + b Cp
(5.1 )
(5.2)
By this approach, linear regression was performed with Cp as the independent variable and In fc
as the dependent variable. From the regression analysis the values of In a and b represent the
intercept and slope of the best-fit line in semi-log space. Figure 5.11 is a plot of the strength-
velocity data and the best-fit line in semi-log space. By solving for a, Equation (5.1) can be used
to plot a curve to the data in real space. In this manner, Figure 5.12 shows a plot of the data and
the best fit curves. Equation (5.1) gave an excellent representation of the data andthus was used
for all the strength-velocity relationships shown in this report.
5.4 Effects of Using the Active High Pass Filter
It is noted that for Specimen 1, the high-pass filter was not in use. As a result, the low
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frequency peak attributed to the transducer resonance dominated most of the displacement
waveforms and frequency spectra. If the filter had been in use for this specimen, the low frequency
amplitudes would have been greatly reduced.
Figure 5.13 and 5.14 are an example of how the particular filter used in this study improves
the results of the impact-echo measurements. Figure 5.13 shows the resulting spectra of two
impact-echo tests made at the same locations on a 203 mm thick slab. Figure 5.13 (a) is the result
------------
of not using the filter while Figure 5.13 (b) is the result of using the filter. In the same manner,
Figure 5.14 shows the results of two tests on a core sample. Figure 5.14 (a) is the result obtained
without using the filter and Figure 5.14 (b) is the result obtained when the filter was used. It is
important to note that using the filter did not change the values of frequencies measured.
The filter was designed as a variable filter with five channels. The performance curves for
each channel are shown in the Appendix. The filter was set on channel 4 for all the tests
performed on Specimens 4 through 13.
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Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder. Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
7.4 1.2 0.201 4.397 1770
8.3 1.5 0.201 4.885 1960,
8.4 1.6 0.201 5.129 2060
9.4 2.1 0.201 5.373 2160
10.5 2.8 0.201 6.106 2450
11.8 4.4 0.201 6.351 2550
14.9 6.9 0.201 7.085 2850
15.4 7.7 0.201 7.328 2950
16.8 7.5 0.201 7.328 2950
19.6 9.7 0.201 7.572 3040
,
20.8 9.8 0.201 7.572 3040
25.4 12.3 0.201 8.061 3240
29.5 15.2 0.201 8.500 3420
37.3 17.8 0,201 8.598 3460
52.2 22.2 0.201 8.940 3590
52.3 23.0 0.201 8.989 3610
62.8 25.4 0.201 9.135 3670
75.8 28.4 0.201 9.380 3770
100.9 30.4 0.201 9.477 3810
171.3 36.5 0.201 9.819 3950
171.4 35.6 0.201 9.819 3950
342.5 41.2 0.201 10.112 4060
342.6 40.8 0.201 10.161 4080
342.6 41.3 0.201 10.308 4140
679.5 45.3 0.201 10.308 4140
679.4 45.0 0.201 10.259 4120
Table 5.1. Prepared cylinder data - Specimen 1.
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Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (rnIs) (kHz) (rnIs)
8.4 4.7 0.204 7.084 2890 6.595 2690
8.8 5.3 0.205 7.084 2900 6.595 2700
9.3 6.0 0.204 7.328 2990 6.839 2790
10.2 7.1 0.204 7.816 3190 6.961 2840
10.9 8.3 0.204 7.940 3240 7.572 3090
11.6 9.9 0.206 8.061 3320 7.572 3120
12.8 10.3 0.205 8.305 3400 7.572 3100
15.0 11.5 0.205 8.305 3400 7.816 3200
17.3 13.8 0.204 8.549 3490 8.061 3290
20.1 15.6 0.204 8.549 3490 8.061 3290
25.2 18.3 0.205 9.282 3800 8.035 3290
29.2 19.9 0.205 9.135 3740 8.696 3560
37.2 21.5 0.204 9.233 3770 8.793 3590
52.8 25.4 0.205 9.477 3890 8.939 3660
62.4 28.3 0.204 9.526 3890 9.038 3690
76.3 26.0 0.204 9.624 3930 9.184 3750
101.4 30.6 0.203 9.722 3950 9.380 3800
170.9 33.0 0.205 9.770 4000 9.428 3860
344.0 40.6 0.203 10.161
0
4120 9.624 3900
344.2 40.1 0.203 10.161 4120 9.721 3950
.679.3 40.9 0.202 10.259 4140 10.010 4040
679.4 35.5 0.206 10.259 4230 9.624 3960
Table 5.2. Slab and core data - Specimen 1.
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data.
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Figure 5.10. Strength-velocity data from Specimen 1 in semi-log space: (a) preparedcylinder
strength-prepared cylinder velocijy data, (b) core strength-slab velocity data, (c) core strength-
core velocity data.
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Figure 5.11. Strength-velocity data and best-fit line from Specimen 1 in semi-log space: (a)
prepared cylinder strength-prepared cylinder velocity data, (b) core strength-slab velocity data,
(c) core strength-core velocity data.
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Figure 5.12. Strength-velocity data and best-fit curve from Specimen 1 in real space: (a)
prepared cylinder strength-prepared cylinder velocity data, (b) core strength-slab velocity data,
(c) core strength-core velocity data.
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Figure 5.13. Displacement waveforms and frequency spectra from tests on a slab: (a) slab waveform without filter, (b) slab spectrum without
filter, (c) slab waveform with filter, (d) slab spectrum with filter.
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CHAPTER 6
RESULTS OF TESTS OF PLAIN CONCRETE SLABS
6.1 INTRODUCTION
This chapter presents the strength-velocity results of the plain (unreinforced) concrete slab
specimens cast on various underlay formwork materials. Sections 6.2.1 and 6.2.2 present the
results for the slabs cast on polystyrene (Specimens 1 and 2) and oiled plywood (Specimens 3 and
4), respectively. Section 6.2.3 describes the results of the slabs cast on a previously hardened
concrete slab (Specimens 5 and 6). Included in this section is a description of a series model that
was used to interpret the results. The results of the specimen cast on a crushed limestone
underlay (Specimen 7) are presented in Section 6.2.4. Finally, Section 6.2.5 presents the results
of the thicker specimens (Specimens §- and)) cast on oiled plywood underlay.
The results of all these tests are presented in a similar format. Included is a table which
summarizes all the impact-echo testing and strength testing data obtained from each test. Also
included are plots of the strength-velocity relationships for the prepared cylinders, slabs and cores.
Superposed on each plot is an exponential curve of the form given by Equation 5.1. Each curve
was fit to the data using the procedure described in Section 5.3. Prior to the individual test
summaries, a table is presented which summarizes the regression coefficients for all the plain
concrete specimens obtained from the curve fitting procedure. Finally, the temperature time-history
plots are presented in Section 6.8.
6.2 REGRESSION ANALYSIS RESULTS
Table 6.1 presents the values of the regression coefficients described in Section 5.3. The
values of a and b correspond to the coefficients in Equation 5.1. The value of a is related to the
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intercept of the strength velocity curves (In a is the intercept in semi-Jog space), while b is related
to the order of the curve.
6.3 POLYSTYRENE UNDERLAY - SPECIMENS 1 AND 2
The results for Specimen 1 were shown previously in Section 5.3 and are included here
for completeness. Tables 6.2 and 6.3 present the strength-velocity data from Specimen 1. Tables
6.4 and 6.5 present this same information for Specimen 2. Figure 6.1 shows the prepared cylinder
strength-velocity, core strength-slab velocity, and core strength-core velocity relationships of
Specimen 1. Figure 6.2 presents similar plots for Specimen 2. As discussed in Section 6.2, the
regression coefficients for Specimens 1 and 2 were shown in Table 6.1.
6.4 OILED PLYWOOD UNDERLAY· SPECIMENS 3 AND 4
Tables 6.6 and 6.7 present the strength-velocity data from Specimen 3. Tables 6.8 and
6.9 present this same information from Specimen 4. Figure 6.3 shows the prepared cylinder
strength-velocity, core strength-slab velocity, and core strength-core velocity relationships of
Specimen 3. Figure 6.4 presents similar plots for Specimen 4. As discussed in Section 6.2, the
regression coefficients for Specimens 3 and 4 were shown in Table 6.1. The active high-pass filter
was first used on Specimen 4, simplifying velocity measurement considerably.
6.5 HARDENED CONCRETE UNDERLAY· SPECIMENS 5 AND 6
Tables 6.10 and 6.11 present the strength-velocity data from Specimen 5. Tables 6.12 and
6.13 present this same information from Specimen 6. Figure 6.5 shows the prepared cylinder
strength-velocity. core strength-slab velocity, and core strength-core velocity relationships of
Specimen 5. Figure 6.6 presents similar plots for Specimen 6. As discussed in Section c.2, the
regression coefficients for Specimens 5 and 6 were shown in Table 6.1.
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The dominant peak in each slab frequency spectra from Specimens 5 and 6 corresponded
to the P-wave traveling through the composite thickness (early~age concrete and hardened
concrete) of the slab. Thus a method was needed to determine the P-wave velocity in the early-
age concrete from the readings taken from the slab. A series model was used to determine the
P-wave velocity in the early-age concrete. The series model is a simple approach for determining
the velocity through a composite material based on the time of travel in the constituent materials.
Figure 6.7 shows a single ray in a wavefront propagating in a composite slab made of
early-age concrete cast on previously hardened concrete. From the series model, the time for the
P-wave to travel through the composite slab is equal to the sum of the travel times in the early-age
concrete and the hardened concrete. In other words, the total time of travel for the P-wave to start
at the top,surface, reflect off the bottom, and arrive back at the top surface, L1tT, is equal to the
sum of the travel time in the early-age concrete, L1tEA, and the travel time in the hardened concrete,
L1tH• This can be expressed as
(6.1 )
Therefore, if the time of travel in the hardened concrete L1tH is known and the time of travel though
the composite section is known, the time through the early-age concrete L1tEA can be expressed as
(6.2)
Before casting the early-age concrete on the hardened slab, the P-wave frequency in the
hardened concrete underlay fp H was determined by impact-echo testing. The inverse of fp H is
simply L1tH. From a test on the composite section, the inverse of the P-wave peak in the slab
frequency spectra fp is simply the time of travel in the composite section L1tT. Since impact-echo
tests are interpreted in the frequency domain, Equation (6.2) can be expressed as
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1 / fp - 1 / fp H (6.3)
Equation 6.3 is used to determine fEA, the P-wave frequency in the early-age concrete.
Using this value for fEA and the known thickness of the early-age concrete TEA' Equation 2.17 can
be used to solve for the velocity through the early-age concrete Cp EA.
In summary. the information needed to determine the P-wave velocity in the early-age
concrete cast on a layer of hardened concrete is: 1) the travel time of the P-wave in the hardened
concrete t>tH• or 1 / fp H; 2) the travel time in the composite section L'1tT• or 1 / fp ; and 3) the
thickness of the early-age concrete TEA.
6.6 CRUSHED STONE UNDERLAY· SPECIMEN 7
Tables 6.14 and 6.15 present the strength-velocity data from Specimen 7. Figure 6.8
shows the prepared cylinder strength-velocity, core strength-slab velocity, and core strength-core
velocity relationships of Specimen 7.
The dominant peak in the slab spectra corresponded to the P-wave reflecting at the
concrete-crushed stone interface. For all the cores removed from the slab, the concrete-crushed
stone interface was about 240 mm (9.45 in.) from the top surface of the core. As explained in
Section 4.2.2.1, a portion of the bottom of the each core sample was removed with a masonry saw.
Thus. the thicknesses values T used in Equation (2.17) to solve for the slab and core velocities
were 240 mm and 203 mm. respectively.
6.7 305 mm THICK SPECIMENS - SPECIMENS 8 AND 9
Tables 6.16 and 6.17 present the strength-velocity data from Specimen 8. Tables 6.18 and
6.19 present this same information from Specimen 9. Figure 6.9 shows the prepared cylinder
strength-velocity, core strength-slab velocity. and core strength-eore velocity relationships of
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Specimen 8. Figure 6.10 presents similar plots for Specimen 9. As discussed in Section 6.2, the
regression coefficients for Specimens 8 and 9 were shown in Table 6.1.
6.8 TEMPERATURE-TIME HISTORIES
Figures 6.11, 6.12, 6.13, 6.14, 6.15, 6.1j) and 6.17 show the temperature versus time plots
of the prepared cylinders, slab and ambient air of Specimens 1, 2, 3, 4, 5, 6 and 8, respectively.
Temperature-time plots for Specimens 7 and 9 were not available. Thermocouples were placed
in one prepared cylinder and at the center of the slab to measure the prepared cylinder and slab
temperatures. It is clear that the temperature of the slabs far exceeded the temperature of the
prepared cylinders for approximately the first 30 to 40 hours. During this time, the cores that were
removed from the slab had a higher compressive strength than prepared cylinders which were
tested at the same time. This is a clear example why prepared cylinders do not represent the
actual strength of the concrete in a structure.
The information that is presented here could be used to estimate the maturity of the
concrete in the prepared cylinders and the slab. In such a manner, the strength of the concrete
~uld be correlated with the maturity of the concrete to provide another correlation relationship
between the in-place concrete strength and an in-place test value.
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D Prepared Cy~inders Slab Core-a b - a b 81 b
Specimen 1 0.071901 0.001575 0.039587 0.001663 0.069856 0.001601
Specimen 2 0.917460 0.001501 0.012536 0.001932 0.050163 0.001679
Specimen 3 0.088443 0.001505 0.039207 0.001623 0.054612 0.001647
Specimen 4 0.117537 0.001402 0.081363 0.001473 0.079896 0.001539
Specimen 5 0.071548 0.001511 0.099490 0.001412 0.044075 0.001694--
Specimen 6 0.065926 0.001520 0.095354 0.001435 0.039190 0.001706
Specimen 7 0.822930 0.001471 0.086428 0.001469 0.119405 0.001427
Specimen 8 0.919620 0.001469 0.081010 0.001474 0.017216 0.001968
Specimen 9 0.073003 0.001536 0.138369 0.001301 0.041376 0.001724
Table 6.1. Regression coefficients a and b for Specimens 1, 2, 3, 4, 5, 6, 7, 8 and 9.
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
7.4 1.2 0.201 4.397 1770
8.3 1.5 0.201 4.885 1960
8.4 / '\ 1.6 0.201 5.129 2060
9.4 2.1 0.201 5.373 2160
10.5 2.8 0.201 6.106 2450
11.8 4.4 0.201 6.351 2550
14.9 6.9 0.201 7.085 2850
15.4 7.7 0.201 7.328 2950
16.8 7.5 0.201 7.328 2950
19.6 9.7 0.201 7.572 3040
20.8 9.8 0.201 7.572 3040
25.4 12.3 0.201 8.061 3240
29.5 15.2 0.201 8.500 3420
37.3 17.8 0.201 8.598 3460
52.2 22.2 0.201 8.940 3590
52.3 23.0 0.201 8.989 3610
62.8 25.4 0.201 9.135 3670
75.8 28.4 0.201 9.380 3770
100.9 30.4 0.201 9.477 3810
171.3 36.5 0.201 9.819 3950
171.4 35.6 0.201 9.819 3950
342.5 41.2 0.201 10.112 4060
342.6 40.8 0.201 10.161 4080
342.6 41.3 0.201 10.308 4140
679.5 45.3 0.201 10.308 4140
679.4 45.0 0.201 10.259 4120
Table 6.2. Prepared cylinder data - Specimen 1.
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Slab Slab Core Core '"
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (mls) (kHz) (mls)
8.4 4.7 0.204 7.084 2890 6.595 2690
8.8 5.3 ~0.205 7.084 2900 6.595 2700
9.3 6.0 0.204 7.328 2990 6.839 2790
10.2 7.1 0.204 7.816 3190 6.961 2840
10.9 8.3 0.204 7.940 3240 7.572 3090
11.6 9.9 0.206 8.061 3320 7.572 3120
12.8 10.3 0.205 8.305 3400 7.572 3100
15.0 11.5 0.205 8.305 3400 7.816 3200
17.3 13.8 0.204 8.549 3490 8.061 3290
20.1 15.6 0.204 8.549 3490 8.061 3290
y 25.2 18.3 0.205 9.282 3800 8.035 3290
29.2 19.9 0.205 9.135 3740 8.696 3560
37.2 21.5 0.204 9.233 3770 8.793 3590
52.8 25.4 0.205 9.477 3890 8.939 3660
62.4 28.3 0.204 9.526 3890 9.038 3690
76.3 26.0 0.204 9.624 3930 9.184 3750
101.4 30.6 0.203 9.722 3950 9.380 3800
170.9 33.0 0.205 9.770 4000 9.428 3860
344.0 40.6 0.203 10.161 4120 9.624 3900
344.2 40.1 0.203 10.161 4120 9.721 3950
679.3 40.9 0.202 10.259 4140 10.010 4040
679.4 35.5 0.206 10.259 4230 9.624 3960
Table 6.3. Slab and core data - Specimen 1.
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Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
A~e Strength Length fp Cp
(hours) (MPa) (m) (kHz) (rnIs)
15.8 5.4 0.201 6.839 2750
15.9 5.8 0.201 6.790 2730
18.0 6.7 0.201 7.132 2870
18.1 6.8 0.201 7.035 2830
20.2 7.6 0.201 7.230 2900
20.2 7.4 0.201 7.377 2970
29.1 10.2 0.201 7.816 3140
29.1 10.2 0.201 8.012 3220
29.2 10.9 0.201 8.012 3220
53.3 15.7 0.201 8.500 3420
53.4 15.5 0.201 8.451 3400
53.8 19.3 0.201 8.793 3530
53.9 19.6 0.201 8.891 3570
76.7 24.3 0.201 9.233 3710
76.8 25.1 0.201 9.281 3730
174.8 34.4 0.201 9.819 3950
174.9 34.8 0.201 9.770 3930
175.0 36.2 0.201 9.868 3970
343.3 41.0 0.201 10.063 4040
343.4 41.3 0.201 10.161 4080
678.8 43.3 0.201 10.301 4140
678.9 44.9 0.201 10.301 4140
Table 6.4. Prepared cylinder data - Specimen 2.
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Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (rnIs) (kHz) (rnIs)
13.7 3.5 0.209 7.035 2940 6.204 2590
14.5 4.5 0.208 7.426 3090 6.497 2700
15.3 4.9 0.208 7.572 3150 6.693 2780
16.8 5.3 0.209 7.621 3190 6.839 2860
19.0 6.9 0.209 7.963 3330 6.888 2880
19.8 7.4 0.208 7.963 3310 7.328 3050
30.4 13.1 0.207 8.500 3520 7.767 3220
31.4 13.1 0.208 8.451 3520 7.865 3270
42.5 17.2 0.208 8.696 3620 8.061 3350
44.1 20.1 0.210 8.940 3760 8.305 3490
45.0 19.7 0.209 8.989 3760 8.500 3550
74.8 25.1 0.208 9.331 3880 8.891 3700
74.9 25.1 0.208 9.331 3880 8.745 3640
109.4 28.1 0.209 9.477 3960 8.940 3740
109.6 28.0 0.210 9.526 4000 8.940 3750
175.5 31.6 0.208 9.770 4060 9.135 3800
175.5 31.3 0.208 9.819 4090 9.281 3860
345.2 35.9 0.209 10.161 4250 9.575 4000
345.3 37.2 0.209 9.868 4130 9.282 3880
680.1 35.9 0.209 10.015 4190 9.673 4040
680.1 38.8 0.209 10.015 4190 9.673 4040
Table 6.5. Slab and core data - Specimen 2.
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Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
11.7 3.6 0.201 6.200 2490
12.9 3.7 0.201 6.200 2490
14.0 4.3 0.201 6.400 2570
14.9 4.8 0.201 6.500 2610
17.4 5.9 0.201 7.000 2810
20.3 7.4 0.201 7.200 2890
24.1 8.6 0.201 7.600 3050
25.7 9.3 0.201 7.700 3090
31.5 10.9 0.201 8.100 3260
37.4 12.6 0.201 8.158 3280
49.3 15.9 0.201 8.598 3460
56.2 17.2 0.201 8.696 3500
100.1 23.8 0.201 9.282 3730
100.3 24.0 0.201 9.233 3700
151.5 28.7 0.201 9.526 3830
151.7 28.4 0.201 9.526 3830
338.5 35.2 0.201 9.868 3970
338.6 34.5 0.201 9.917 3990
676.3 41.1 0.202 10.112 4080
676.3 40.6 0.201 10.064 4050
Table 6.6. Prepared cylinder data - Specimen 3.
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,Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (m/s) (kHz) (m/s)
12.3 4.4 0.220 7.600 3340 6.400 2820
13.1 6.0 0.222 7.000 3100 6.400 2840
14.3 6.5 0.218 7.500 3270 6.800 2960
16.9 9.9 0.220 7.600 3340 7.000 3080
19.8 10.4 0.216 8.000 3460 7.300 3150
23.7 11.6 0.221 8.200 3620 7.506 3320
24.3 11.8 0.221 8.208 3630 7.621 3370
25.4 12.8 0.221 8.000 3540 7.500 3310
31.1 16.7 0.221 8.500 3760 7.700 3400
36.8 17.7 0.219 8.700 3810 8.100 3550
49.0 20.1 0.222 8.207 3640 8.158 3620
55.8 22.8 0.222 8.500 3770 8.110 3600
99.6 28.5 0.222 8.842 3930 8.402 3730
100.6 28.0 0.220 9.135 4020 8.549 3760
151.1 30.4 0.220 9.380 4130 8.793 3870
337.6 36.0 0.219 9.722 4260 8.891 3900
337.8 35.6 0.218 9.722 4240 8.939 3900
675.9 37.4 9.218 9.770 4260 9.282 4050
Table 6.7. Slab and core data - Specimen 3.
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\J
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
9.5 4.0 0.201 6.100 2450
11.4 5.3 0.201 6.742 2710
11.7 5.9 0.201 6.888 2770
13.3 6.7 0.203 7.377 3000
14.6 8.0 0.206 7.425 3060
16.4 9.4 0.205 7.621 3130
18.5 10.3 0.204 7.816 3190
25.3 13.5 0.204 8.305 3390
33.0 16.8 0.205 8.647 3540
41.2 19.6 0.205 8.842 3620
50.4 22.2 0.206 8.989 3700
74.7 25.6 0.205 9.282 3810
194.0 35.2 0.205 9.917 4070
194.0 33.7 0.205 9.917 4070
339.1 37.3 0.204 10.064 4110
339.1 38.7 0.205 10.112 4150
652.4 41.4 0.204 10.259 4190
652.4 41.8 0.204 10.210 4170
Table 6.8. Prepared cylinder data - Specimen 4.
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Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (rn/s) (kHz) (rn/s)
10.3 5.8 0.206 7.300 3010 6.840 2820
11.0 6.4 0.207 7.328 3030 6.937 2870
12.2 7.9 0.207 7.328 3030 7.132 2950
14.1 9.4 0.205 7.572 3100 7.523 3090
16.1 11.2 0.204 8.012 3270 7.816 3190
18.2 12.2 0.207 8.305 3440 7.816 3240
24.8 15.0 0.207 8.696 3600 8.305 3440
32.3 17.6 0.206 8.989 3700 8.403 3460
39.8 19.4 0.205 9.038 3710 8.842 3620
50.7 21.3 0.207 9.135 3780 8.842 3660
74.3 24.7 0.206 9.575 3940 9.085 3740
193.6 29.4 0.205 9.624 3950 9.233 3790
338.4 35.0 0.205 9.868 4050 9.553 3920
338.5 31.5 0.205 9.869 4050 9.450 3880
652.8 36.0 0.204 10.161 4150 9.770 3990
652.8 38.5 0.203 10.308 4190 9.917 4030
Table 6.9. Slab and core data - Specimen 4.
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Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (m/s)
14.5 4.2 0.203 6.488 2630
16.2 6.2 0.203 7.132 2900
22.8 9.1 0.203 8.012 3250
22.7 9.1 0.203 8.012 3250
29.3 11.4 0.203 8.354 3390
29.4 12.0 0.203 8.500 3450
36.8 14.5 0.203 8.745 3550
37.9 14.2 0.203 8.696 3530
28.0 18.4 0.203 8.989 3650
51.8 22.5 0.203 9.282 3770
152.7 30.8 0.203 9.770 3970
314.4 34.5 0.203 10.015 4070
314.4 34.5 0.203 10.015 4070
673.1 39.0 0.203 10.308 4190
673.2 40.1 0.203 10.308 4190
..
Table 6.10. Prepared cylinder data - Specimen 5.
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Series Est.
Early Measured of
Age Slab E. A. Slab Slab Core Core
Core Core Core Frequency Frequency Velocity Frequency Velocity
Age Strength Length fp fp Cp fp Cp
(hours) (MPa) (m) (kHz) (kHz) (mls) (kHz) (mls)
13.2 4.4 0.209 4.592 6.173 2580 6.546 2740
13.9 6.0 0.211 4.885 6.714 2830 7.035 2970
15.3 6.6 0.211 5.032 6.995 2950 6.937 2930
15.8 6.8 0.211 5.276 7.476 3150 7.035 2970
21.9 11.9 0.211 5.667 8.286 3500 7.865 3320
21.9 11.4 0.211 5.471 7.874 3320 7.621 3220
28.5 13.9 0.212 5.764 8.495 3600 8.158 3460
28.5 14.2 0.213 5.813 8.602 3670 7.914 3370
37.1 17.8 0.214 5.716 8.391 3590 8.158 3490
52.5 21.0 0.214 5.911 8.818 3770 8.500 3Q40
76.3 24.6 0.213 6.058 9.150 3900 8.842 3770
76.3 25.7 0.212 6.107 9.262 3930 8.696 3690
175.0 29.7 0.213 6.155 9.373 3990 9.184 3910
340.3 34.2 0.212 6.302 9.718 4120 9.284 3940
673.9 40.0 0.211 6.302 9.718 4100 9.477 4000
Table 6.11. Slab and core data - Specimen 5.
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
13.7 3.6 0.203 6.253 2540
16.0 6.4 0.203 7.426 3010
18.5 8.1 0.203 7.914 3210
18.5 8.0 0.203 7.914 3210
25.4 11.6 0.203 8.403 3410
25.4 11.2 0.203 8.403 3410
35.1 15.7 0.203 8.891 3610
49.4 19.4 0.203 9.184 3730
79.5 23.2 0.203 9.526 3870
67.5 24.4 0.203 9.526 3870
170.5 29.8 0.203 9.917 4030
348.1 36.4 0.203 10.161 4120
348.2 35.6 0.203 10.112 4100
675.7 40.1 0.203 10.357 4200
675.8 40.5 0.203 10.405 4220
Table 6.12. Prepared cylinder data - Specimen 6.
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Series Est.
Early Measured of
Age Slab E. A. Slab Slab Core Core
Core Core Core Frequency Frequency Velocity Frequency Velocity
Age Strength Length fp fp Cp fp Cp
(hours) (MPa) (m) (kHz) (kHz) (rnIs) (kHz) (rnIs)
11.8 2.2 0.218 4.201 5.355 2340 5.276 2300
14.0 4.8 0.218 4.690 6.176 2690 6.644 2900
16.2 6.7 0.218 4.983 6.694 2920 7.035 3070
18.8 8.7 0.217 5.178 7.051 3060 7.328 3180
25.8 12.6 0.216 5.569 7.797 3370 7.816 3380
25.8 13.5 0.218 5.667 7.990 3480 7.816 3410
35.8 16.1 0.216 5.716 8.088 3490 8.354 3610
50.0 20.7 0.218 5.911 8.484 3700 8.305 3620
50.0 20.7 0.218 5.960 8.585 3740 8.256 3600
80.0 24.6 0.218 6.058 8.790 3830 8.500 3710
171.6 27.8 0.219 6.155 8.996 3940 8.696 3810
349.8 32.3 0.220 6.323 9.359 4120 8.891 3910
349.8 31.6 0.219 6.302 9.313 4080 9.038 3960
676.6 35.8 0.219 6.448 9.635 4220 9.282 4070
Table 6.13. Slab and core data - Specimen 6.
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
. Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
12.4 4.5 0.203 6.644 2700
14.6 6.0 0.203 7.328 2980
15.7 6.3 0.204 7.132 2900
17.2 6.9 0.203 7.426 3010
20.9 7.8 0.203 7.670 3110
23.8 8.8 0.204 7.865 3190
23.8 9.3 0.204 7.865 3190
26.5 10.9 0.204 8.256 3350
26.5 10.6 0.204 8.158 3310
32.5 12.1 0.204 8.354 3390
38.5 15.0 0.204 8.793 3570
49.0 17.3 0.204 8.989 3650
64.5 20.4 0.204 9.184 3730
82.5 21.9 0.204 9.282 3770
82.5 23.1 0.204 9.428 3830
102.5 24.7 0.204 9.575 3890
102.5 24.7 0.204 9.526 3870
174 28.4 0.204 9.819 3990
174 28.1 0.204 9.770 3970
338.5 30.8 0.204 9.917 4030
338.5 30.6 0.204 9.868 4010
680 36.8 0.204 10.259 4170
680 36.6 0.204 10.161 4130
Table 6.14. Prepared cylinder data - Specimen 7.
97
Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (mls) (kHz) (mls)
13.8 5.9 0.203 5.959 2800 6.644 2700
14.9 6.5 0.203 6.253 2940 6.937 2820
16.5 7.6 0.203 6.302 2960 7.084 2880
18.6 8.7 0.203 6.400 3010 7.474 3030
21.2 10.0 0.203 7.035 3310 7.816 3170
23.5 10.8 0.203 6.839 3210 7.914 3210
25.7 12.9 0.203 7.084 3330 8.207 3330
29.0 15.3 0.203 7.426 3490 8.403 3410
34.6 17.1 0.203 7.474 3510 8.354 3390
48.8 18.9 0.203 7.621 3580 8.745 3550
64.1 22.5 0.203 7.816 3670 8.891 3610
"
83 25.2 0;203 7.865 3700 9.233 3750
103 26.8 0.203 7.914 3720 9.135 3710
174 25.8 0.203 8.207 3860 9.428 3830
174 27.0 0.203 8.256 3880 9.331 3790
339 30.3 0.203 8.305 3900 9.477 3850
339 30.6 0.203 8.403 3950 9.770 3970
679 34.9 0.203 8.549 4020 9.819 3990
679 36.4 0.203 8.500 3990 9.819 3990
Table 6.15. Slab and core data - Specimen 7.
98
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
10.8 1.8 0.304 3.224 1960
11.9 2.6 0.304 3.713 2260
14.6 4.7 0.304 4.397 2670
17.1 7.4 0.304 4.983 3030
20.1 9.2 0.304 5.325 3240
25.6 11.3 0.304 5.471 3330
30.9 13.6 0.304 5.667 3450
37.7 16.1 0.304 5.862 3560
50.8 19.4 0.304 5.960 3620
63.6 21.9 0.304 6.155 3740
84.4 24.8 0.304 6.253 3800
175.4 31.1 0.304 6.497 3950
344.1 36.3 0.304 6.644 4040
344.2 35.8 0.304 6.644 4040
678.5 40.3 0.304 6.742 4100
678.6 39.9 0.304 6.693 4~70
Table 6.16. Prepared cylinder data - Specimen 8.
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,Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) (MPa) (m) (kHz) (mls) (kHz) (mls)
11.0 2.4 0.310 4.397 2730 4.397 2730
13.3 6.8 0.307 4.299 2640 4.885 3000
15.5 9.5 0.306 5.423 3320 5.081 3110
17.4 10.9 0.303 5.276 3200 5.276 3200
20.3 13.7 0.302 5.911 3570 5.471 3300
26.1 16.2 0.310 5.766 3570 5.667 3510
31.4 18.5 0.309 6.009 3710 5.765 3560
38.5 21.0 0.305 6.155 3750 5.862 3580
51.2 24.4 0.304 6.204 3770 5.911 3600
72.4 24.9 0.305 6.351 3870 6.009 3670
175.1 26.9 0.307 6.488 3980 6.253 3840
344.9 30.9 0.305 6.546 3990 6.351 3870
679.3 34.8 0.308 6.693 4120 6.351 3910
Table 6.17. Slab and core data - Specimen 8.
100
Prepared Prepared
Prepared Prepared Prepa~e_cf Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (mls)
9.9 1.3 0.304 3.029 1840
12.6 2.6 0.304 3.810 2320
15.1 4.3 0.304 4.397 2670
18.1 6.9 0.304 4.885 2970
23.6 8.7 0.304 5.325 3240
28.8 11.7 0.304 5.423 3300
35.7 13.8 0.304 5.618 3420
48.8 16.9 0.304 5.862 3560
61.6 19.4 0.304 6.009 3650
82.3 22.6 0.304 6.106 3710
173.4 29.0 0.304 6.400 3890
342.6 34.5 0.304 6.497 3950
342.6 33.2 0.304 6.546 3980
676.7 38.4 0.304 6.644 4040
676.8 37.2 0.304 6.693 4070
Table 6.18. Prepared cylinder data - Specimen 9.
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I
I
I
I
Slab Slab Core Core
Core Core Core Frequency Velocity Frequency Velocity
Age Strength Length fp Cp fp Cp
(hours) . (MPa) (m) (kHz) (m/s) (kHz) (m/s)
12.1 4.6 0.316 3.908 2470 4.397 2780
13.9 6.7 0.315 4.982 3140 4.690 2950
16.4 8.9 0.312 5.471 3410 5.032 3140
18.8 10.1 0.312 5.618 3500 5.130 3200
24.7 13.8 0.314 5.667 3560 5.276 3310
30.1 17.0 0.317 5.716 3620 5.423 3440
36.9 19.3 0.312 6.058 3780 5.667 3540
49.9 21.7 0.314 6.058 3800 5.765 3620
70.8 22.9 0.313 6.351 3980 5.863 3670
173.9 26.9 0.316 6.302 3980 5.960 3770
344.1 30.6 0.316 6.400 4040 6.009 3800
677.3 32.9 0.317 6.497 4120 6.253 3960
Table 6.19. Slab and core data - Specimen 9.
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Figure 6.1. Strength-velocity relationships for Specimen 1: a) prepared cylinder strength-velocity,
b) core strength-slab velocity, c) core strength-core velocity.
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Figure 6.2. Strength-velocity relationships for Specimen 2: a) prepared cylinder strength-velocity,
b) core strength·slab velocity, c) core strength-core velocity.
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Figure 6.3. Strength-velocity relationships for Specimen 3: a) prepared cylinder strength-velocity,
b) core strength-slab velocity, c) core strength-core velocity.
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Figure 6.4. Strength-velocity relationships for Specimen 4: a) prepared cylinder strength-velocity,
b) core strength-slab velocity, c) core strength-core velocity.
106
(a)
,
, .
, , ,
-----,-------,----_ .. _,---_ .. _-, , ,
. , ,
,
·
., ,
----- -..... ------ .....--_.-, ,
, ,
I I t I • •
-~ ~---~:---~--~ ~:- .. ---~-~ ~ -,~---~~ ~-~ ---i-~--~--i------~
• • I I I •
• I I I • I_.. ~ ___.. ....... __ .. __J J ~ .. 1 __
I • I I I t
J I I I • •
I • I I • •
--.. ---..... -- ---- ......... -_ ..-..--- ----..---- ---. ----- -...
I I I •
• I • II • • I •
___ .. __ ..,-_ .. -rOo --- --,- --- -- -,- .. - - -- -,. .. - -- --
f • • I •
t • • I I
-------:- -------:-------{-------{-------.----
t I I I •
------~-------~-------~-------i-------i-
t I I I •
• • • I______ _1_ .. __ .. __ ..L. .. __ .,1 -1 _
I I I I
I • I I
-- ..-- -..:.. ------..:.. ---- --~ .. _.. -- --.
~
::E4§4
z
UJg:
(J)
a:
UJ
a
z
~
o
a
UJ
~
UJ
a:
Q.
600 2000 2400 2800 3200 3600
PREPARED CYLINDER Cp, mls
4000 4400
(b)
SO·-r----r--'--.----.------,,----r-----.---,
. .
45 -------~-------~-------~-------~-------i-------i-------
· . . . . .
• I • I • I_______ L .. L L .L & &__ - -
, I • • • ,
I • I I • J
· . . . . .------~~-------~---_ .. _-~----_ .. _~----_ .. _~-------~ .... -_ .. -
. . . . . .
• , I I • t
-------r-------r-------~-------~-------·---- .. -
, .
· . . . .
-------r-------r-- .. ----r-------r-------,-----
• I I , •
• • I • I
• t , • • •
-------r-------r-------r-------r-------,-- ----,.-------I I •• I
- ~-------~-------~-------~----- ••------i-------
, , I I • •
• , I I _. ,
_______ L .. L L L & 1 _
, .. ..
• I I • • 1
1 I ., I ,
5 -------~-------~----- -------~-------~-------~.------
" I' I
I I "
40
<1l
~35
~30
r5 25
~20
UJ
a: 158
10
2000 2400 2800 3200
SLABCp,mls
3600 4000 4400
• I'"
-------:- -- ---- -:---- ---{.- -- --- {- --- --- i.. --- ---i----- --
1 , I I , •
I • • I • •
.. _I_ ~ J .. J_ - - - - -- ... -- - -- - -.--- -- --
, I • I I
• I , I •
, 1 I • t I
__________________ --1- -- --- - .... -- ---- ... - --- - •-- -- .. --
, ,
· ,
• I • , I •
.. - __ - _..,- - - - - -- -roo -- - - -,-- - - - - .. ,- - -- -- - l' -- -- ... y - - - - -.-
I • • • I I
• I I I , •
- - -- - --:- -- - - - - -:- - - - - -- {- - - - - - - {- - - - - - - ..... - - - t - - - - - - -
• • , 1 • •
I I I I , 1
.. - - - - - -~.. - - - - - .. -:- - -- - .. - i .... - - - - --(- - - - - .. - - - .. - ...... t - - - -- --
I • I I • I
• • • • 1 I
_____ ...... ...... .. J .,1_. .._1_~_..... -..... --- ----
I • I I. • I
• • • • I I
• If" , •
-- ---- ..... -------------- ..--- --- - ---- -.. -.-- --- -- .. --- --_ ..
I • • • I I
I • I • I •
I • .., I I I
_____ ....... • --roo ---- -- --- - .. - .... - --- ,-- -----y--- ----
I. ,I'' I"
. .'
(c)
600 2000 2400 2800 3200
CORECp,mls
3600 4000 4400
Figure 6.5. Strength-velocity relationships for Specimen 5: a) prepared cylinder strength-velocity,
b) core strength-slab velocity, c) core strength-core velocity.
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Figure 6.6. Strength-velocity relationships for Specimen 6: a) prepared cylinder strength-velocity,
b) core strength-slab velocity, c) core strength-core velocity.
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Figure 6.7. Path traveled by P-wave in a composite slab made of early-age concrete and
hardened concrete.
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Figure 6.8. Strength-velocity relationships for Specimen 7: a) prepared cylinder strength-velocity,
b) core strength-slab velocity, c) core strength-core velocITy.
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Figure 6.9. Strength-velocity relationships for Specimen 8: a) prepared cylinder strength-velocity.
b) core strength-slab velocity. c) core strength-core velocity.
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Figure 6.10. Strength-velocity relationships for Specimen 9: a) prepared cylinder strength-
velocity. b) core strength-slab velocity, c) core strength-core velocity.
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Figure 6.11. Temperature-time history - Specimen 1.
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Figure 6.12. Temperature-time history - Specimen 2.
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Figure 6.14. Temperature-time history - Specimen 4.
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Figure 6.15. Temperature-time history - Specimen 5.
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Figure 6.16. Temperature-time history - Specimen 6.
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CHAPTER 7
DISCUSSION OF RESULTS OF PLAIN CONCRETE SLABS
7.1 INTRODUCTION
This chapter is a discussion of the results of the plain concrete slab specimens presented
in Chapter 6. Section 7.2 first explores the results of tests made on a large volume of early-age
concrete. This includes a discussion of the appropriate sample interval and record length (Section
7.2.1), the displacement signal amplitudes (Section 7.2.2), the use of the high pass filter (Section
7.2.3), and when the earliest impact-echo tests could be performed and cores could be removed
(Section 7.2.4). Section 7.3 explores the relationship between the curves derived from the
strength-velocity data from the prepared cylinders, slab and cores. The concrete mixture uniformity
is then discussed in Section 7.4. This important section concludes with how the results from the
plain concrete specimens are to analyzed.
Section 7.5 discusses the specific results of specimens in which the slabs were cast on
different underlay formwork materials. Section 7.5.1 discusses Specimens 3 and 4 (plywood
underlay). Section 7.5.2 discusses Specimens 5 and 6 (hardened concrete underlay). Section
7.5.3 discusses Specimen 7 (crushed stone underlay). Finally, Section 7.6 discusses Specimens
8 and 9, the thicker (305 mm) slab specimens. Section 7.7 summarizes the conclusions made
from tests of the plain concrete slabs.
7.2 TESTS ON A LARGE VOLUME OF EARLY·AGE CONCRETE
The first objective of this research program was to determine if impact-echo tests could be
performed on a large volume of early-age concrete. As discussed in Section 3.3.2, previous work
by Pessiki and Carino involved tests on 102 x 203 mm (4 x 8 in.) prepared cylinders. In this
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previous work the energy imparted by the impact was confined to the small volumes of the
cylindrical specimens. Two factors suggest that it may be difficult to make impact-echo veJocijy
measurements through a large volume of early-age concrete. First, disturbances are more quickly
damped out in early-age (less than 3 days) concrete as compared to more mature concrete. This
was observed by Pessiki and Carino (1987), but measurements were still obtainable at very early-
ages. Second, the energy imparted to a slab specimen by impact will be more strongly attenuated
due to geometric spreading of the stress waves. This could make impact-echo tests more difficult
to perform on early-age slab specimens as compared to early-age prepared cylinder specimens.
The results presented in Chapters 5 and 6 indicate that it is possible to determine the P-
wave velocity through early-age concrete slabs using the impact-echo method. Section 5.2.1
discussed the frequency spectra of Specimen 1. Figure 5 (a) presented several of the frequency
spectra for tests made on the slab of Specimen 1. In observing these earliest spectra the
dominant peak corresponds to the P-wave reflecting at the bottom of the early-age slab. Thus the
P-wave was able to propagate through the early-age concrete.
--+he-following sections describe some of the aspectsoLpertormiogjmpac1=echo_tests_Q~
the early-age slab. The techniquy is basically the same as was described in Section 4.4.1, but
there are other factors to be considered. These factors include the sample duration, voltage range
and impact source.
7.2.1 Sample Interval and Record Length
In order to obtain a frequency spectrum that is dominated by the P-wave frequency, it was
necessary for the entire corresponding time domain to contain information about the P-wave. For
example, if the time domain record was too long, including surface displacement information after
the P-wave had been attenuated, the P-wave frequency would not appear dominate in the
frequency spectrum. Thus the record length had to be limited so that the entire time domain signal
would contain information about the P-wave. For this reason, at early-ages a smaller sampling
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interval was used to record the waveforms. As the concrete matured the P-wave took longer to
significantly damp out, and longer sampling intervals could be used. An example of a very early
age impact-echo test is shown in Figure 5.1 (a). The displacement waveform contains 1000
amplitude time data points recorded at a sampling interval of 2 Jls. About 20 pE!rcent of the
waveform was set as a pre-trigger and therefore contains no usable P-wave information. The P-
wave velocity in the slab was 2890 mls at this time. In the 2.0 ms duration waveform, tt]e P-wave
arrived at the top surface of the 203 mm (8 in.) thick slab approximately 8 times before being
significantly attenuated. Thus there were a significant number of P-wave disturbances with
significant amplitude in the time domain waveform.
7.2.2 Displacement Signal Amplitudes
As the concrete matured, the elastic modulus E increased. This increase in elastic
modulus resulted in a smaller displacements. Thus the amplitudes of the signals decreased over
the test period. To compensate for this reduction in signal amplitude it was necessary to decrease
the voltage range on the oscilloscope as the concrete matured.
7.2.3 Use of High Pass Filter
The active high pass filter was not used for Specimens 1, 2 and 3. As a result, many of
the time domain waveforms and frequency spectra from these specimens were dominated by the
low frequency resonance of the receiving transducer. Thus for early-age concrete, the low
frequency oscillation in combination with the attenuation P-wave, made signal interpretation
difficult. The filter greatly facilitated impact-echo testing by reducing the low frequency resonance
of the transducer and allowing the P-wave to dominate the waveform.
119
--- ---- ------ -----------------------------~
7.2.4 Earliest Impact-Echo Testing and Coring
In general, impact-echo tests could be performed on the slabs as soon as the concrete had
set-up to the point where the concrete surface could withstand foot pressure. Attempts to perform
tests at earlier ages proved largely unsuccessful. Successful impact-echo tests could be made
before cores could be successfully removed. Cores could successfully be removed from the slab
once the concrete had reached a compressive strength of approximately 4.5 MPa (650 psi).
Typically this meant that impact-echo tests could be performed approximately 3 hours before cores
could be removed. Also, by the time strength-velocity data was gathered from the specimens, the
concrete had hardened sufficiently to allow for direct impact on the surface.
At the early-ages, the large diameter steel spheres worked best as impact sources. As will
be illustrated in Section 9.4, an impact by a smaller diameter steel sphere will excite higher
frequencies. The larger diameter steel spheres, however, were capable of exciting frequencies in
the range of the through thickness frequency of the slabs, cores and prepared cylinders. Thus
since the larger diameter steel spheres produced signals with larger amplitudes, they were the
primary impact sources used in the tests. The 7.9 mm (0.31 in.) diameter steel sphere was used
most often for the tests. The signals resulting from impact by the 12.7 mm (0.5 in.) diameter steel
sphere tended to produce signals with voltage amplitudes beyond the range of the preamplifier.
In these situations, a portion of the waveform was clipped.
As previously discussed in Section 4.4.4, condensation of moisture on the underside of the
transducer and shield was a problem when testing the early-age concrete slab, typically within the
first 2 to 3 days. During this time the surface of the concrete in the vicinity of the impact-echo test
had to be dry before the transducer was set on the surface, and a test had to be performed as
quickly as possible to limit condensation from forming. A technique was explored where a sheet
of plastic film was placed on the surface of the concrete to act as a moisture barrier. This allowed
for more time per test or to perform multiple tests at the same location.
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7.3 RELATIONSHIP BETWEEN PREPARED CYLINDER, SLAB AND CORE 'STRENGJH-
VELOCITY CURVES
7.3.1 Ranking of the Strength-Velocity Curves
Figure 7.1 shows a plot of the best-fit strength-velocity curves of the prepared cylinders,
slab and cores from Specimen 1. The general ranking of the curves shown in Figure 7.1 is the
same for all the tests. At any given strength, the cores exhibited the lowest velocity, the slabs the
highest, and the prepared cylinders between the two. The actual values by which the curves
differed were not the same from test to test.
The prepared cylinders and cores were cast from the same batch of concrete. Therefore
the prepared cylinder strength-velocity curve and the core strength-core velocity curve should
theoretically be the same for each specimen. However, for most of the test specimens, these
curves were not the same. As stated, for a given velocity, the core curve predicted a higher
concrete strength than the prepared cylinders curve. The difference can most likely be attributed
to the difference in consolidation techniques of the prepared cylinders and the slab from which the
cores were extracted. The prepared cylinders were consolidated by rodding according-to-ASTM·
C 192, whereas the slab specimens were consolidated with a vibrator. It is suspected that better
consolidation of the slab specimens contributed to greater strength of the cores as compared to
the prepared cylinders.
Figure 7.2 shows the ratio of slab velocity to core velocity versus the strength of the
extracted core for Specimens 1 and 2. According to the theoretical equations for the P-wave
velocity in an infinite solid and a rod (Section 2.5). the P-wave velocity in a slab should be greater
than the P-wave velocity in a core. Thus it was anticipated that the ratio shown in Figure 7.2 would
be consistently greater than 1.0. This in general was the case for all the specimens tested, Le. the
slab velocity was greater than core velocity for any given concrete strength. Figure 7.2 shows that
the ratios for Specimens 1 and 2 fall within a narrow band that changes in value from
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about 1.09 at very low strengths to about 1.05 at relatively high strengths. Thus the ratios show
a slight increase in value with an decrease in concrete strength.
There were, however, some specimens with test situations were the core velocity
happened to be greater than the slab velocity. The reasons for these particular occurrences are
unclear. For a large majority of the situations, however, this was not the case. The particular
occurrences where core velocity was greater than slab velocity will be discussed in Section 7.5.
7.3.2 Relative Scatter In Prepared Cylinder, Slab and Core Results
Section 6.2 showed the strength-velocity data for the prepared cylinders, slab and cores
for each of the plain concrete slab specimens. For all the specimens presented, the prepared
cylinder strength-velocity data exhibited the least amount of scatter, the core strength-core velocity
data exhibited more scatter, and the core strength-slab velocity data exhibited the greatest amount
of scatter. The frequency spectra from the cores and prepared cylinders were easily interpreted.
Thus the increase in scatter of the core strength-core velocity data over the prepared cylinder
strength-velocity-data-can be attributed to factors other than the-interpretation of the frequency
spectra. One of these factors could be the coring process. Although the coring process was the
same for each of the cores extracted from the slab, it is anticipated that the core strengths could
have varied due to damage resulting from the coring process itself. Another reason for the
increased scatter could be due to the usual out-of-plane top and bottom surfaces of the cores.
This effect could have resulted in an increased scatter in the strength values determined by
compressive testing. However, as stated in Section 4.4.2, the typical difference in planes was
acceptable according to ASTM C 42. An additional factor that could have resulted in increased
in scatter of the core data was the possibility of aggregate and paste segregation of the slab
specimen when it was cast. This possible effect was due to the relatively small course aggregate
size ( 12.7 mm, 0.5 in. maximum diameter) and the high slumps of some of the batches.
Segregation of the slab, and thus the core samples, could be expected to introduce scatter into the
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core data by differing the aggregate content in each core sample. However, care was exercised
to minimize segregation when placing the concrete in the slab formwork, so this was I}()t
considered a significant factor.
From the strength-velocity data presented in Section 6.2, the core strength-slab velocity
data exhibited the greatest amount of scatter. Factors such as coring, the out-of-plane top and
bottom surfaces and the segregation of the slab concrete could be some reasons for this scatter.
Another factor though, which likely introduced the most scatter in the data was the fact that the
frequency spectra obtained from the slabs were not as easy to interpret as the spectra obtained
from the prepared cylinders or the cores. More modes of vibration are excited in the slabs which
results in a more complicated frequency spectra. This is clearly seen in the slab spectra shown
in Section 5.2.1, and the additional spectra to be discussed in this chapter.
Overall, the scatter in all the strength-velocity data for the plain specimens was low. The
coefficient of determination from the linear regression analysis from all the strength-velocity data
was high. The average coefficient of determination values for the prepared cylinders, slab and
cores for the plain specimens were 0.9957, 0.9598 and 0.9802. These values areindicative oU!:Le__
scatter for each of the individual strength-velocity relationships.
7.3.3 Shapes of the Strength-Velocity Curves
The general shapes of all the strength-velocity data and curves appeared similar to what
was anticipated in Section 2.4. The curves resembled an exponential curve with a very low
intercept. Table 6.1 showed the values of the regression coefficients a and b computed from the
regression analysis. The order of the curves is computed as the product of b and the independent
variable (P-wave velocity, Cp )' As an example, the order of the curves for the slabs ranged from
2.9 to 8.3 for Cp values from 2300 to 4200 mls. This is similar to the fourth order relationship
anticipated from the combination of the theoretical and empirical equations described in Section
2.4.
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From the shape of the curves, it is clear that the strength-velocity relationships are more
appropriately limited to early-age strength predictions. At later ages, the strength of the concrete
can still be advancing while the P-wave velocity is not appreciably increasing. At the early-age
portion of the curve, however, there is a significant change in velocity for a change in concrete
strength.
7.4 EXAMINATION OF CONCRETE MIXTURE UNIFORMITY
Figure 7.3 shows the combined data of Specimens 1 and 2 from the prepared cylinders.
Superposed on the data is the best-fit curve resulting from the regression analysis of the combined
data. The original planned approach for evaluating data was based on comparing the best-fit
strength-velocity curves from the combined data of Specimen 1 and 2 and the strength-velocity
curves from other specimens. This approach would detect how variables of the test program might
affect the strength-velocity relationship. The basic assumption behind this approach was that the
concrete mixture proportions were the same for all of the specimens.
The prepared cylinder strength-velocity data and curves were used as a means to assess
the uniformity of the concrete mixtures. The consolidation, impact-echo testing and compressive
strength testing procedures for all the prepared cylinders were the same. Thus any differences in
prepared cylinder strength-velocity results should be due to differences in concrete mixture
proportions.
Figure 7.4 shows four plots of prepared cylinder strength-velocity data. Figure 7.4 (a)
shows the prepared cylinder data from Specimens 3 and 4 (oiled plywood underlay), Figure 7.4
(b) shows the prepared cylinder data from Specimen 5 and 6 (hardened concrete underlay), Figure
7.4 (c) shows the prepared cylinder data from Specimen 7 (crushed stone underlay), and Figure
7.4 (d) shows the prepared cylinder data from Specimens 10 and 11 (typical slab reinforcement).
Superimposed on each of these plots is the best-fit curve derived from regression analysis of the
prepared cylinder data of Specimens 1 and 2 (Figure 7.3). Figure 7.4 clearly shows that the
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prepared cylinder strength-velocity data for all the specimens do not agree with the best-fit
prepared cylinder strength-velocity curve of Specimen 1 and 2. Thus it is concluded that the
concrete mixture proportions in all the specimens were not the same.
Despite the efforts of the ready-mix supplier to ensure uniformity of the concrete mixtures.
several factors could have conceivably contributed to mixture proportion variations.
First, a difference in aggregate content could be attributed to an error in the moisture
content values. As an example, the reported moisture contents of the sand and crushed stone for
Specimen 1 were 4% and 1%, respectively. From this the volume fraction of aggregate was
computed as 0.62. If the actual moisture contents of the sand and stone were 8% and 2%,
respectively, the volume fraction of aggregate would have been 0.59. This significant change in
the volume fraction of aggregate would likely affect the strength-velocity relationship of the
concrete. As demonstrated by Pessiki and Carino (1987), a difference in the volume fraction of
aggregate of 0.05 significantly shifted the strength-velocity relationship of the prepared cylinders
(see Section 3.3.2.3).
Second, differences in the workability of each mixture could conceivably influence the
degree of compaction obtained in each case. Table 4.2 lists the slump values of all the specimens.
The slump values for all the batches varied considerably, from 127 mm (5 in.) to 211 mm (8.3 in.).
It is expected that a high slump concrete would consolidate differently than a low slump concrete
and therefore change the degree of compaction of the prepared cylinders. A difference in
compaction could then change the strength-velocity relationship for a given mixture.
Finally, a 2 cubic yard volume of concrete was typically delivered for each experiment.
Working with this small volume of concrete could have introduced error in the mixture proportions
because the accuracy of the measured constituents for the small volume of concrete was more
prone to error.
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Previous work by Pessiki and Carino (Section 3.3.2) indicates that other factors that may
have varied between concrete mixtures, such as w-c ratio and curing temperature, likely did not
influence the strength-velocity relationships.
Based on the evidence presented in Figure 7.4, it is concluded that the concretes for all
the specimens did not have the same mixture proportions. As a result, the best-fit curves from
Specimens 1 and 2 cannot accurately be used as a comparator to evaluate the influence of the
test variables from all the tests of the plain concrete specimens. Fortunately, the prepared cylinder
data from specimens of the same variable (Le. Specimens 3 and 4, or Specimens 5 and 6) were
the same. This allows the results from specimens of the same variable to be combined and
evaluated. Section 7.5 discusses the results of the slabs cast on different underlay formwork
materials, namely plywood, hardened concrete and crushed stone.
The prepared cylinder data from Specimen 8 and 9 were not included in Figure 7.4 since
{hey were 152 X 305 mm (6 x 12 in.) prepared cylinders. Previous work has shown that different
size prepared cylinders (or cores) give different strength values for the same concrete mixture of
the same maturity.
7.5 EFFECTS OF DIFFERENT UNDERLAY FORMWORK MATERIALS
7.5.1 Plywood Underlay· Specimens 3 and 4
Figure 7.5 shows six selected slab spectra from Specimen 4. These spectra are similar
to the spectra from Specimen 1 discussed in Section 5.2. Beginning with Specimen 4, the impact-
echo testing incorporated the use of the active high pass filter. Other than the use of the filter, the
impact-echo testing technique was the same as for Specimens 1, 2 and 3. The age at testing,
core strength, slab velocity Cp , and P-wave frequency are included in these spectra.
The spectra shown in Figure 7.4 are as readily interpreted as the spectra presented in
Section 5.2 for Specimen 1 cast against polystyrene formwork. Thus it appears that the use of
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the plywood formwor1< material does not influence the ability to successfully determine the P-wave
velocity in early-age concrete by the impact-echo method.
Figure 7.6 shows the combined strength-velocity data for the prepared cylinders, slab and
cores of Specimens 3 and 4. Superimposed on these plots are the best-fit curves resulting from
the regression analysis of the combined data.
Figure 7.7 presents a plot of the ratios of the slab velocity to core velocity for the
corresponding core strength values for Specimens 3 and 4. The plot shows how the ratios from
Specimen 3 and 4 are similar. All of the ratios for these specimens are greater than 1.0, indicating
that the slab velocities were consistently greater than the core velocities.
A comparison of Figure 7.2 (ratios from Specimens 1 and 2) and Figure 7.7 (ratios from
Specimens 3 and 4) shows that there is a similar trend. Basically, there is a slight decrease in the
slab velocity to core velocity ratios with an increase in concrete strength. However, Figure 7.7
shows somewhat more scatter than Figure 7.2. Also, Figure 7.7 shows that some of the ratios,
particularly at strengths below 20 MPa, are less than 1.04. This reduction in the ratios indicates
that the slab velocities from Specimens 3 and 4 decreased. One reason for this may have been
that the concrete slab became acoustically coupled to the plywood underlay, thereby increasing
the distance for the P-wave to travel. The acoustic coupling could have occurred by water getting
between the concrete slab and the plywood once cores were removed from the slab.
7.5.2 Hardened Concrete Underlay· Specimen 5 and 6
Figure 7.8 shows six selected slab spectra from Specimen 6. Shown on each spectrum
is the age at testing, core strength, slab velocity Cp and slab frequency fp• Spectra from Specimen
5 were similar to those shown for Specimen 6. The dominant peak in each spectrum is attributed
to multiple reflections of the P-wave from the bottom of the composite section, i.e. from the bottom
of the previously hardened underlay concrete slab. These dominant peaks were used in the series
model as described in Section 6.4 to compute the P-wave velocity in the early-age concrete slab.
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Other peaks in the spectra may correspond to multiple reflections at the interface of the
early-age concrete and the previously hardened slab. As discussed in Section 2.2.2, in a situation
when a P-wave is incident at a material interface where the second material has a greater acoustic
impedance than the first material, the reflected wave does not change sign. Thus the path length
before the P-wave changes sign is four times the thickness of the first material. In this situation,
Equation 2.19 must be used to solve for the frequency corresponding to the early-age concrete-
hardened concrete interface. As an example, consider the slab spectrum shown in Figure 7.8 (c).
The P-wave velocity in the early-age concrete in this case is 30M mls (10,040 ftlsec), and the slab
thickness is 217 mm (8.5 in.). Solving Equation 2.19, the frequency corresponding to the early-age
concrete-hardened concrete interface is 3.5 kHz. However, from examination of Figure 7.8 (c) it
is difficult to discern a clear peak at 3.5 kHz.
Figure 7.9 shows the combined strength-velocity data for the prepared cylinders, slab and
cores of Specimens 5 and 6. Superimposed on these plots are the curves resulting from the
regression analysis of the combined data.
Figure 7.10 shows the ratio of slab velocity to core velocity for the corresponding core
strengths for Specimens 5 and 6. Not all of these ratios are greater than 1.0, which indicates that
in some of the tests the core velocity was greater than the slab velocity. These test situations
contradict the anticipated relationship between slab and core velocity discussed in Section 2.5.
The only difference between these specimens and the previous specimens was that the series
model was used to compute the slab velocity. Hence, these ratio plots suggest that the series
model may not give accurate values of the early-age slab velocity.
7.5.3 Crushed Stone Underlay - Specimen 7
Figure 7.11 shows six selected slab spectra from Specimen 7. For approximately the first
half of the impact-echo tests made on this specimen, the high pass filter was simply working in a
passive mode. For this reason, the low frequency spike due to the transducer resonance tended
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to dominate some of the signals. The corresponding age, core strength, slab velocity Cp and slab
frequency fp are shown in the spectra. In any case, the P-wave peaks in these spectra are easily
readable. The irregular bottom surface of the slab did not affect the clarity of the recorded signal.
From a subjective standpoint the P-wave peaks from this slab were some of the easiest to
interpret. Even at early ages the P-wave peaks were relatively more defined than peaks from other
specimens of the same maturity.
Specimen 7 was used to evaluate only one size of crushed stone underlay, namely 12.7
mm (0.5 in.) diameter. It is expected that a larger size stone underlay may affect the response of
the P-wave at the concrete-stone interface. Also, the consistency of the concrete mixture would
be expected to influence how the concrete works into the loose stone underlay. For this specimen
the concrete bonded only to the first layer of the 12.7 mm (0.5 in.) stone.
The three strength-velocity plots for the prepared cylinders, slab and cores from Specimen
7 were presented earlier in Figure 6.8. The thickness of the slab corresponded to the depth to the
bottom of the layer of aggregate which became bonded to concrete slab. This dimension was
about 240 mm (9.45 in.). The thickness used to compute the core velocity equaledthe length of
the core after the bottom was removed. This dimension was consistently 203 mm.
Figure 7.12 is a plot of the ratio of slab velocity to core velocity for the corresponding core
strength values from Specimen 7. All of the values are greater than 1.0. It is noted that the
computed values of slab velocity are a function of the chosen thickness (240 mm). Due to the
irregular bottom surface of the slab the thickness value is slightly more subjective in this case.
7.6 DISCUSSION OF 305 mm THICK SPECIMENS - SPECIMENS 8 AND 9
Figure 7.13 shows all twelve slab frequency spectra from Specimen 9. The spectra
obtained from Specimen 8 were similar to those for Specimen 9. The age at testing, core strength,
slab velocity Cpo and slab frequency are included in the spectra. The slab spectra for both
Specimens 8 and 9 were more difficult to interpret at the early-ages, as compared to the 203 mm
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(8 in.) slab specimens. The reasons for this increased difficulty are not clearly understood. One
reason may be that the attenuation was greater in the thicker specimens. It was necessary to use
the larger impact sources which imparted greater energy into the thicker slabs. The resulting
signals had higher amplitudes. The two largest steel spheres were used as impact sources,
namely the 7.9 mm (0.31 in.) and 12.7 mm (0.5 in.) diameter spheres.
Figure 7.14 shows the combined strength-velocity data for the prepared cylinders, slab and
cores data of Specimens 8 and 9. Superposed on these plots are the curves resulting from the
regression analysis of the combined data. Larger size core samples were removed from the slab,
resulting in fewer slab and core data points. As a result, the coefficient of determination values
for the specimens were the lowest of all of the specimens.
Figure 7.15 shows a plot of the ratios of slab velocity to core velocity versus core strength
for Specimen 8 and 9. Some of the early age tests resulted in core velocities which were greater
than or equal to the corresponding slab velocities. Again the reasons for this are not clearly
understood.
7.7 SUMMARY AND CONCLUSIONS FROM TESTS OF PLAIN CONCRETE SLABS
The results of the tests of plain concrete slab specimens were presented in Chapter 6 and
discussed in this chapter. The objectives of these tests were to evaluate the feasibility of
pertorming impact-e~C>, tests on a large volume of early-age concrete, and to evaluate the
influence of different underlay formwork materials on the ability to perform the impact-echo tests.
Formwork materials treated included polystyrene, oiled plywood, hardened concrete and crushed
stone.
The following conclusions are drawn from the tests of the plain concrete slabs:
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1. The impact-echo method can be used to determine P-wave velocity in early-age
concrete in plate-like structures. The P-wave is more strongly attenuated at very early
ages. Therefore, shorter sample intervals must be used at very early ages to ensure that
the entire time-domain surface displacement waveform contains information about the
reflections of the P-wave. In general, impact-echo tests could be performed on the slabs
as soon as the concrete had set-up to the point where the concrete surface could
withstand foot pressure. Attempts to perform tests at earlier ages proved unsuccessful.
Successful impact-echo tests could be made before cores could be removed. Cores could
successfully be removed from the slab once the concrete had reached a compressive
strength of approximately 4.5 MPa (650 psi). Typically this meant that impact-echo tests
could be performed approximately 3 hours before cores could be removed.
2. The impact-echo method can be used to determine P-wave velocity in an early-age
concrete slab cast against plywood underlay formwork.
3. The impact-echo method can be used to determine the P-wave velocity in an early-age
concrete slab cast against a previously hardened concrete slab. In this situation, a simple
series model can be used to interpret the results of impact-echo tests. At early-ages,
however, the series model may not be an adequate technique to predict the P-wave
velocity in an early-age concrete.
4. The impact-echo method can be used to determine P-wave velocity in an early-age
concrete slab cast against a 12.7 mm (0.5 in.) maximum size crushed limestone underlay.
5. An exponential equation is an adequate model for representing the strength-velocity
relationships. This exponential relationship can be transformed to a linear equation and fit
to the strength-velocity data using linear regression.
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6. Strength-velocity correlation relationships from prepared cylinders and cores are not
directly applicable to plate-like structures. As expected, the core strength-core velocity
relationship differs from the core strength-slab velocity relaiionship. This is due to the
expected higher velocity in the slab as compared to the core.
7. Interpreting the prepared cylinder and core frequency spectra to determine the P-wave
frequency is relatively simple. The slab frequency spectra in comparison are difficult to
interpret.
B. The shapes of the strength-velocity curves resemble an approximate fourth order
relationship as anticipated from theory. This means that at lower strengths, the velocity
is increasing more rapidly than the strength. At higher strengths, there can be a relatively
large increase in strength accompanied by only a relatively small increase in velocity.
Thus application of the correlation relationship between strength and velocity is more
appropriately limited to the estimation of early-age strength.
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Figure 7.1. Best-fit strength-velocity curves from the prepared cylinders, slab and cores of
Specimen 1.
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Figure 7.5. Six slab spectra from Specimen 4.
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Figure 7.6. Strength-velocity relationships of the combined data of Specimens 3 and 4: (a)
prepared cylinder strength-velocity, (b) core strength-slab velocity, (c) core strength-core velocity.
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Figure 7.7. Ratio of slab velocity to core velocity versus core strength for Specimens 3 and 4.
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Figure 7.8. Six slab spectra from Specimen 6.
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Figure 7.9. Strength-velocity relationships of the combined data of Specimens 5 and 6: (a)
prepared cylinder strength-velocity, (b) core strength-slab velocity, (c) core strength-core velocity
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Figure 7.10. Ratio of slab velocity to core velocity versus core strength for Specimens 5 and 6.
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Figure 7.11. Six slab spectra from Specimen 7.
142
12 ,
,
1 16 ------I- -- - - - -f - --- -- f --- -- -{-- -- - - -:- --- -- -1--- --- -~- -- - -- i-- ---- i---- --
• I I I • I • I
I , • • I • ,
1 12-- -- ----~ -- --- -i---- --i --- ---1-------:- ------~-- --- -~- ----- i-- ---- i-- ----
ill' :::::::
0:0 1.08 ------}------i---- -- i--- --- 1-------:- --- ---}-- --- -~- --- -- i------ i-- ----I~ A • • , • • I Io :.a-A. I k...At.: :..A: : : :
0.. 1.04 .. ----.:-..-...:~....:--: "-A1-"n·"~ "-~-"_·1"~"-"-:-_·_""!-"----
~ 1.00n-+---~:--A-_!_:~-----:~---c:~-- ...AlL--..~~·-- .......:----....J:'---...:----1
ro ,:",. I I •« 0.96 -- .... -..~_ .... -_ .. t .. -_ .. -- ~ --- -_ .. ~-- -_ .. --:- ...... -- -~ .... --- -~ .... -- -- ~ -_ .. - .... ~ -- ........
-l ,. I • I I • t I
(f) :::::::::
0.
0.92 ..- --'--_ -" .. _oo .. _oo" --- --- ~ __ 'OJ- woo wI. woo wl._ - .. " .. - .. -- ..
o 0.88 ------~------~------~------~-----)--~ ~ ~PEC·7 ~-t------
• , I • I I
• I • • I •0.84 .. -- -_.+_ .... -oo -: .. -_ .. -- f--- --- ~-_ ...... -+ ...... -- -~_ .... -- -~_ ...... --: -_ .. _oo .. : .... -- ....
• • I • I I , I I
I I • • I I I I •0.8rOH ---.j.'---.j.'---'i---...;'i---...;'i---...;'i---.;'---.;':-.--.;'----1
o 5 10 15 20 25 30 35 40 45 50
CORE STRENGTH, MPa
Figure 7.12. Ratio of slab velocity to core velocity versus core strength for Specimen 7.
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Figure 7.13. All slab spectra from Specimen 9.
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Figure 7.13. (continued) All slab spectra from Specimen 9.
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Figure 7.14. Strength-velocity relationships of the combined data of Specimens 8 and 9: (a)
prepared cylinder strength-velocity, (b) core strength-slab velocity, (c) core strength-core velocity
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Figure 7.15. Ratio of slab velocity to core velocity versus core strength for Specimens 8 and 9
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CHAPTER 8
RESULTS OF TESTS OF STEEL REINFORCED SLABS
8.1 INTRODUCTION
This chapter presents the results of the specimens cast with steel reinforcement. These
specimens were studied to evaluate how steel reinforcement influences the determination of P-
wave velocity at early-ages and thus the resulting strength-velocity relationships. A discussion of
the results is presented in Chapter 9.
Section 8.2 describes the results of a slab cast with two perpendicular layers of bottom
reinforcement (Specimen 10). Section 8.3 presents the results of a slab cast with two
perpendicular layers of bottom reinforcement plus two perpendicular layers of top reinforcement
(Specimen 11). For each of these specimens strength-velocity relationship were developed for the
prepared cylinders, slab and cores. Tz.=ether Specimens 10 and 11 were intended to represent
typical cast-in-place building slab constructien. w -
Section 8.4 presents the results of slabs cast with various sizes and placement of steel
reinforcement bars. Specimen 12 contained plain reinforcement bars while Specimen 13 contained
epoxy-coated reinforcement bars. Each of these specimens were studied to evaluate specifically
how the size and depth of the reinforcing bars would influence the determination of P-wave
velocity. Strength-velocity relationships were not developed for these two specimens.
8.2 REGRESSION ANALYSIS RESULTS
Table 8.1 presents the coefficients of the regression analysis described in Section 5.3 for
Specimens 10 and 11. The values of a and b correspond to the coefficients in Equation 5.1. The
coefficient a is related to the intercept of the curves while b is related to the order of the curve.
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8.3 BOTTOM STEEL REINFORCEMENT - SPECIMEN 10
Tables 8.2 and 8.3 present the strength-velocity data for Specimen 10. Figure 8.1 shows
the prepared cylinder strength-velocity, core strength-slab velocity and core strength-core velocity
relationships for Specimen 10. As discussed in Section 8.2, the regression coefficients for
Specimen 10 were shown in Table 8.1. Impact-echo tests were performed at three locations on
the surface of the slab: 1) away from the reinforcing steel (at the core location), 2) along the
reinforcing steel, and 3) at the intersection of the reinforcing steel. These three test locations,
denoted CiS I, \I and III, are shown in Figure 8.2. The measured frequencies at the three test
locations are listed in Table 8.3. The impact-echo measurements made away from the bars
(location I) were used to compute the P-wave velocity in the slab and hence develop the core
strength-slab velocity relationship presented in Figure 8.1. A comparison of the results of tests
made at the three locations reveals that there was no clear difference in the resulting velocities
obtained from the three test locations. This is more fully discussed in Section 9.2.
8.4 TOP AND BOTTOM STEEL REINFORCEMENT· SPECIMEN 11
Tables 8.4 and 8.5 present the strength-velocity data for Specimen 11. Figure 8.3 shows
the prepared cylinder strength-velocity, core strength-slab velocity and core strength-core velocity
relationships for Specimen 11. As discussed in Section 8.2, the regression coefficients for
Specimen 11 were shown in Table 8.1. Impact-echo tests were made at the same locations on
the slab as was described for Specimen 10. Also as with Specimen 10, the velocity values
obtained from tests made away from the bars (Figure 8.2) were used to develop the core strength-
slab velocity relationship shown in Figure 8.3. A comparison of the results of tests made at the
test locations specified in Figure 8.2 revealed that there was no appreciable difference in the
frequency values measured. This is discussed more fUlly in Section 9.2.
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8.5 TEMPERATURE·TIME HISTORIES
Figures 8.4 and 8.5 show the temperature versus time plot of the prepared cylinders, slab
and ambient air of Specimens 10 and 11, respectively. As described in Section 6.8, the concrete
temperatures were monitored by thermocouples at the center of a prepared cylinder and the slab.
From these figures it is clear that the slab experienced much higher temperatures than the
prepared cylinders during the first 30 to 40 hours. During this time the cores which were extracted
from the slab had a higher strength than prepared cylinders tested at the same time.
8.6 VARIATION OF BAR REINFORCEMENT SIZE AND DEPTH· SPECIMENS 12 AND 13
Specimens 12 and 13 were slabs cast with the arrangement of steel reinforcing bars shown
in Figure 4.8. These specimens were tested by performing a scan of impact-echo tests across
each slab at the locations indicated in Figure 8.6. A scan consisted of tests at eighteen locations
and included, for each bar size, tests over: 1) bottom reinforcement; 2) top and bottom
reinforcement and 3) top reinforcement. Additional tests made at locations away from the
reinforcement were used as control locations. These control locations were used as a comparison
with the corresponding tests over steel reinforcement. A summary of the test location
nomenclature used for Specimens 12 and 13 is summarized in Table 8.6.
The time required to perform a scan of tests across a slab was approximately 30 to 60
minutes. Impact-echo test scans were taken for a 14 day test period. Thirteen scans were
I, ' ~
per10rmed on Specimen 12 and ten scans were performed on Specimen 13. After the test period
was completed cores were removed from the specimen to verify the thicknesses of the slab at the
test locations and to verify the bar placement parameters. Equation (2.17) was then used to
determine the velocities through the slab at the aforementioned test locations.
Figures 8.7, 8.8,8.9 and 8.10 each show three plots of the slab velocities over reinforcing
steel versus the slab velocity at the corresponding control locations. The three plots in each figure
correspond to the test locations made over (a) the bottom reinforcement, (b) the top and bottom
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reinforcement, and (c) the top reinforcement. Figure 8.7 shows the plots for the plain #11 and #9
reinforcing bars. Figure 8.8 shows the plots for the plain #7 and #5 reinforcing bars. Figure 8.9
shows the plots for the epoxy-coated #11 and #9 reinforcing bars. Figure 8.10 shows the plots for
the epoxy-coated #7 and #5 bars.
These plots are a simple way to evaluate whether the steel reinforcement increased or
decreased the measured slab velocities. The diagonal line in these figures represents unity values
of the ratio of the velocity over bars to the velocity away from the bars. Data points above the
diagonal line indicate that the steel reinforcement increased the velocity values. Data points below
the diagonal line indicate that the steel reinforcement decreased the velocity values. Section 9.3
discusses the results of Specimens 12 and 13.
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Prepared Cylinders Slab Core
a b a b a b
Specimen 10 0.107025 0.001438 0.055362 0.001584 0.064756 0.001611
Specimen 11 0.078951 0.001492 0.015923 0.001871 0.037539 0.001712
Table 8.1. Regression coefficients a and b for Specimens 10 and 11.
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (rnIs)
11.5 3.7 0.203 5.960 2420
13.4 5.7 0.203 6.937 2820
15.6 7.8 0.203 7.328 2970
17.3 8.9 0.203 7.621 3090
19.9 10.3 0.203 7.816 3170
26.9 12.8 0.203 8.207 3330
20.7 14.8 0.203 8.451 3430
49.6 19.2 0.203 8.891 3610
102.5 26.9 0.203 9.428 3830
193.7 31.8 0.203 9.770 3970
193.7 32.9 0.203 9.819 3990
369.1 36.7 0.203 10.015 4070
369.2 36.9 0.203 9.966 4050
650.2 38.4 0.203 10.064 4090
650.2 37.6 0.203 10.064 4090
Table 8.2. Prepared cylinder data - Specimen 10.
152
-J.
U1
W
Slab Slab Slab Slab
Frequency Frequency Frequency Velocity Core Core
Core Core Core fp fp fp Cp Frequency Velocity
Age Strength Lenglh @I @II @III @I fp Cp
(hours) (MPa) (m) (kHz) (kHz) (kHz) (mls) (kHz) (mls)
11.9 6.1 0.211 7.035 6.937 -_7.035 2970 6.644 2800
14.0 8.6 0.212 7.328 7.425 7.328 3100 7.035 2980
16.2 10.0 0.212 8.109 7.719 7.816 3440 7.621 3230
16.9 11.0 0.209 8.109 7.621 7.621 3390 7.621 3190
20.3 12.1 0.211 7.914 8.207 8.305 3340 7.865 3320
27.3 17.2 0.212 8.598 8.598 8.598 3650 8.109 3440
33.0 18.4 0.212 8.744 8.744 8.744 3710 8.207 3480
50.0 23.3 0.209 9.038 8.940 8.891 3780 8.696 3640
103.6 28.8 0.209 9.389 9.477 9.477 3920 9.110 3810
195.6 32.4 0.211 9.575 9.526 9.477 4040 9.086 3830
195.8 32.1 0.209 9.400 9.428 9.380 3930 9.038 3780
367.7 33.4 0.209 9.477 9.575 9.575 3960 9.233 3860
367.9 33.4 0.209 9.868 9.917 9.868 4120 9.428 3940
652.4 34.5 0.210 9.722 9.770 9.770 4080 9.380 3940
652.5 34.3 0.209 9.624 9.721 9.673 4020 9.184 3840
Table 8.3. Slab and core data· Specimen 10.
Prepared Prepared
Prepared Prepared Prepared Cylinder Cylinder
Cylinder Cylinder Cylinder Frequency Velocity
Age Strength Length fp Cp
(hours) (MPa) (m) (kHz) (rnls)
11.8 3.1 0.203 5.862 2380
13.9 5.8 0.203 7.035 2860
15.9 7.7 0.203 7.523 3050
19.2 10.1 0.203 8.109 3290
19.4 9.2 0.203 7.963 3230
26.5 13.0 0.203 8.549 3470
27.3 14.7 0.203 8.647 3510
35.6 16.9 0.203 8.940 3630
35.7 17.0 0.203 8.965 3640
49.2 19.4 0.203 9.086 3690
49.3 20.8 0.203 9.282 3770
125.2 28.8 0.203 9.722 3950
125.3 31.9 0.203 9.917 4030
344.5 41.2 0.203 10.210 4140
684.0 45.7 0.203 10.405 4220
684.0 47.0 0.203 10.405 4220
Table 8.4. Prepared cylinder data - Specimen 11.
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<J1
Slab Slab Slab Slab
Frequency Frequency Frequency Velocity Core Core
Core Core Core lp fp fp Cp Frequency Velocity
Age Strength Length @i @II @11i @i fp Cp
(hours) (MPa) (m) (kHz) (kHz) (kHz) (mls) (kHz) (mls)
12.6 8.7 _ 0.209 8.012 7.425 7.914 3350 7.523 3140
14.2 10.3 0.209 8.305 8.207 8.207 3470 7.816 3270
16.3 11.8 0.207 8.598 8.207 8.500 3560 8.207 3400
19.6 15.4 0.206 8.793 8.793 8.793 3620 8.595 3540
26.7 17.3 0.211 8.891 8.940 8.940 3750 8.500 3590
35.1 20.9 0.211 9.135 9.135 9.184 3850 8.745 3690
50.2 24.6 0.211 9.380 9.380 9.477 3960 9.038 3810
50.3 26.1 0.208 9.428 9.526 9.477 3920 9.135 3800
127.1 33.2 0.210 9.770 9.750 9.750 4100 9.526 4000
127.3 32.0 0.211 9.721 9.672 9.941 4100 9.428 3980
342.8 39.4 0.208 10.064 10.015 9.966 4190 9.673 4020
342.9 40.3 0.210 9.917 9.917 10.015 4160 9.624 4040
686.5 44.6 0.209 10.064 10.210 10.210 4200 9.770 4080
686.5 44.4 0.2W 10.064 10.064 10.064 4230 9.917 4160
Table 8.5. Slab and Core data - Specimen 11.
Bottom Reinforcement
Location Description
7B over a #7 bottom bar
58 over a #5 bottom bar
57B control between 7B and 5B
11 B over a #11 bottom bar
98 over a #9 bottom bar
9118 control between 11 Band 9B
Top and Bottom Reinforcement
Location Description
7TB over a #7 top bar and a #7 bottom bar
5TB over a #5 top bar and a #5 bottom bar
57TB control between TIB and 5TB
11TB over a #11 top bar and a #11 bottom bar
9TB over a #9 top bar and a #9 bottom bar
911TB control between 11 TB and 9TB
Top Reinforcement
Location Description
7T over a #7 top bar
5T over a #5 top bar
57T control between 7T and 5T
11T over a #11 top bar
9T over a #9 top bar
911T control between 11 T and 9T
Table 8.6. Test location nomenclature for Specimens 12 and 13.
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Figure 8.1. Strength-velocity relationships for Specimen 10: (a) prepared cylinder strength-
velocity, (b) core strength-slab velocity, (c) core strength-core velocity.
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Figure 8.2. Three slab test locations I, II, III for Specimens 10 and 11.
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Figure 8.3. Strength-velocity relationships for Specimen 11: (a) prepared cylinder strength-
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Figure 8.4. Temperature-time history - Specimen 10.
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Figure 8.5. Temperature-time history· Specimen 11.
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Figure 8.7. Veloc~ies over plain #11 and #9 reinforcing bars versus velocity at controlloc,ation:
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161
(c)
00
,~
,,, /)0-~I ... 11T c 9T I / .....c
'"
.~
,,, / c~
IV .~ C
.~
JV1/ 5i
J~'oOO 2400 2800 3200' 3600 40200
240
360
400
~ 320
ci() 280
Cp @ 911T, m's
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Figure 8.10. Velocities over epoxy-eoated #7 and #5 reinforcing bars versus velocity at control
location: (a) 78 and 58 versus 578, (b) 7T8 and 5T8 versus 57T8, (c) 7T and 5T versus 57T.
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CHAPTER 9
DISCUSSION OF TESTS OF STEEL·REINFORCED SLABS
9.1 INTRODUCTION
This chapter discusses the results of the slab specimens cast with steel reinforcement.
Chapter 8 presented the results of these specimens. Section 9.2 treats the results of Specimens
10 and 11. These specimens were intended to represent typical slab construction and were tested
to evaluate how steel reinforcement influences the core strength-slab velocity relationship. Section
9.3 treats the results of Specimens 12 and 13. These specimens were tested to examine how the
size, depth and type (plain or epoxy-coated) of reinforcing steel influences impact-echo
measurements performed on early-age concrete.
9.2 INFLUENCE OF TYPICAL SLAB STEEL REINFORCEMENT· SPECIMENS 10 AND 11
Figure 9.1 presents four groups of selected slab frequency spectra from Specimen 10.
Each test group consisted of the three impact-echo tests performed on the slab surface at locations
I, II and III as defined earlier in Figure 8.3. The groups of spectra shown in Figure 9.1 correspond
to tests found in Table 8.3 with core strengths of 6.1,8.6,12.1 and 23.3 MPa (880,1250,1750 and
3380 psi). From the frequency values listed in Table 8.3, there does not seem to be a clear trend
in the relative values of the peak frequencies determined away from the bars, along the bars or
at the intersection of the bars. This seems to indicate that the presence of the bottom layer of #5
bars did not affect the determination of the P-wave velocity to a discernable degree.
Figure 9.2 shows four groups of selected slab spectra from Specimen 11. The groups of
spectra shown in Figure 9.2 correspond to tests found in Table 8.5 with core strength values of 8.7,
11.8,20.9 and 26.1 MPa (1260,1710,3030 and 3790 psi). Test locations for Specimen 11 are
the same as was described in Figure 8.3. The dominant frequency values in the spectra from each
group are similar. Thus, a comparison of the values does not indicate a trend in the relative values
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of the peak frequencies determined away from the bars, along the bars or at the intersection of the
bars. This suggests that the presence of the top and bottom layers of #5 bars did not influence
the determination of P-wave velocity to a discernable degree.
Figure 9.3 shows the combined strength-velocity data of Specimens 10 and 11.
Superposed on the data is the best-fit curve of the combined data. As noted in Chapter 8, the
impact-echo measurements made away from the bars (location I) were used to compute the P-
wave velocity in a slab and hence develop the core strength-slab velocity relationship.
Figure 9.4 is a plot of the ratio of slab velocity to core velocity versus the corresponding
strength values of the cores for Specimens 10 and 11. All of the ratios are greater than unity
which means the slab velocity is greater than the core velocity for each test situation. Moreover,
the ratio of slab velocity to core velocity is approximately 1.07 at early ages and about 1.02 at later
ages. As described in Section 2.5, this is what is expected from the relationship between the
velocity in a plate and the velocity in a rod structure. From Equation 2.22, with ratios of slab
velocity to core velocity of 1.07 and 1.02, u is solved for as 0.22 and 0.13, respectively. These
values are reasonable for what is expected for concrete of low and high maturity.
9.3 INFLUENCE OF REINFORCEMENT SIZE AND DEPTH ON VELOCITY MEASUREMENTS
Figures 8.7, 8.8, 8.9 and 8.10 presented results obtained from Specimens 12 (plain
reinforcement) and Specimen 13 (epoxy-coated reinforcement). The plots evaluated how the P-
wave is affected by the presence of reinforcing steel beneath the test location. Each plot shows
the relationship between the P-wave velocity over steel reinforcement versus the velocity at the
control location. For each specimen there were six control points with two corresponding tests over
bars of different size. Table 8.6 described the test location nomenclature for each specimen.
Points above the diagonal lines in the plot indicated that the steel increased the apparent P-wave
velocity, while points below the line indicate that the steel decreased the apparent P-wave velocity.
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9.3.1 Influence of Reinforcement Size
Overall, in many instances the points in the plots 'Ire below the diagonal lines. This implies
that steel reinforcement decreased the apparent velocity of the P-wave. However, the amount that
the points are below the diagonal is different for each of the twelve plots. In general, the larger
diameter bars seemed to have a greater impact on the measured P-wave velocity. Figure 8.7 (c)
is the clearest example of the steel reinforcing causing a decrease in the measured velocities. This
figure shows that the P-wave velocities computed from tests over the top #11 and top #9 bars are
less than the velocities computed from tests at the control location. This indicates that the steel
reinforcement disturbs the pulse. One possible explanation is that the presence of the bars create
a longer path length between the slab surfaces, whereby the stress waves must propagate around
the bars. Figure 8.8 (c) shows the results of the tests over the top #7 and top #5 bars. It appears
from this figure that the #7 bars caus~d a relatively small change in velocity, and that the #5 bars
had no effect at all.
From the assumption that steel reinforcement will tend to decrease the apparent velocities,
it would be expected that a greater amount of reinforcement would further decrease the computed
velocities. However, by comparing Figure 8.7 (b) with Figure 8.7 (c) this assumption does not
appear to be correct. Figure 8.7 (b) shows the computed velocities over the #11 top bar and a #11
bottom bar (Le. 11TB) versus the velocities at the control location. The influence of the presence
of the bars is greater at location 11T (Figure 8.7 (c)) than at location' 11TB (Figure 8.7 (b)).
Therefore, these results do not support the idea that tests at locations with greater amounts of steel
will give velocities lower than the velocities measured at locations with less steel. The reason for
this is not clear.
9.3.2 Influence of Reinforcement Depth
Figures 8.8 and 8.10 indicate that the #5 and #7 bars did not in most cases have an
appreciable effect on the apparent P-wave velocities. The influence of the depth of the larger
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reinforcement bars can be seen by examining Figures 8.7 and 8.9. These figures present the
results of the measurements made over the #11 and #9 reinforcing bars. Figures 8.7 (a) and 8.9
(a) show that the #11 bottom bar and #9 bottom bar did not have an appreciable influence on P-
wave velocity. Figures 8.7 (c) and 8.9 (c) show that the #11 top bar and #9 top bar decreased the
P-wave velocities by a significant degree, particularly in the case of the plain bars (Figure 8.7(c)).
The illustration suggests that bars near the top of the slab disturb the stress pulses to a greater
extent than bars near the bottom of the slab. Thus, a preliminary conclusion could be that top bars
decrease the computed P-wave velocities more than bottom bars.
Figure 8.7 (b) and 8.9 (b) show that the #11 top and #11 bottom bars (11T8), and the #9
top and #9 bottom bars (9T8), decreased the velocities, but to a lesser extent than the #11 top bar
(11T) or #9 top bar (9T). As mentioned in Se~tion 9.3.1, it is unclear why these tests over sections
with more steel (top and bottom steel), give higher velocities than the tests at sections with less
steel (top steel only).
Figures 8.8 and 8.10 deal with tests made over the #7 and #5 bars at different depths.
These figures do not indicate that a change in the depth of the #7 or #5 bars influence the
measured velocities of the P-wave.
9.3.3 Influence of Reinforcement Type
Figures 8.7 and 8.8 treat the computed velocities at tests over plain reinforcing steel.
Figures 8.9 and 8.10 are concerned with the velocities at tests over epoxy-coated reinforcing steel.
From these figures there is no discernable difference in the results obtained with the two types of
reinforcing steel. This indicates thai the epoxy coatings on the bars do not alter the interactions
between the stress waves and the bars.
9.4 BALL SIZE EFFECTS ON THE RESPONSE OVER A REINFORCING BAR
Figure 9.5 shows five frequency spectra from tests on Specimen 12. Five of the tests were
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made at 11T, which is over the top #11 plain reinforcing bar. Figures 9.5 (a) through (e) result
from impact-echo tests using different diameter steel spheres as impact sources. Figures 9.5 (a),
(b), (c), (d) and (e) correspond to the 3.2 mm, 4.7 mm, 6.3 mm, 7.9 mmand 12.7 mm diameter
steel spheres. Figure 9.6 shows the spectra resulting from a test at the control location 911T,
between the #11 top and #9 top reinforcing bar, using a 6.3 mm diameter steel sphere. It should
be noted that the frequency range plotted in these spectra is increased to 48 kHz.
Figure 9.5 (a) indicates that the through thickness frequency at location 11T is 8.891 kHz.
The thickness of the slab at this location was measured to be 224 mm. Thus from Equation 2.17,
the slab velocity is computed as Cp = 2(0.224 m)(8891 Hz) = 3983 mls. The depth of the concrete
to the top of the reinforcing bar was 45 mm (1.75 in.). As discussed in Section 2.3, since the
reinforcing bar has a higher acoustic impedance than the concrete, Equation 2.19 must be used
to compute the frequency corresponding to the steel bar. Thus, the frequency corresponding to
the top of the reinforcing bar is computed as fp = (3983 mls)/( 4 (0.045 m)) = 22,130 Hz. Figures
9.5 (a), (b) and (c) clearly contain peaks around 22.0 kHz corresponding to the steel bar.
However, Figures 9.5 (d) and (e) show that impact by the 7.9 and 12.7 mm diameter steel spheres
do not excite frequencies corresponding to the bar depth. Similar effects from the use of different
diameter steel sphere spheres have been noted by other researchers (Pessiki and Carino 1987,
Sansalone and Carino 1986).
It should be noted that in Figures 9.5 (a), (b), (c), (d) and (e) (tests over the #11 top bar)
there is a double peak corresponding to the through thickness frequencies of Specimen 12. The
lower frequency peak is thought to correspond to waves propagating around the reinforcing bar.
The slightly higher frequency peak corresponds to waves not being disturbed by the reinforcing bar
since its corresponding velocity matches the velocity at test location 911T (away from the
reinforcing steel). More research is required to confirm this finding. The velocities presented in
Figures 8.7 through 8.10 were computed by using the lower frequency peak in the spectra
whenever it was present.
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9.5 SUMMARY AND CONCLUSIONS FROM TESTS OF STEEL·REINFORCED SLABS
The results of the tests of the steel-reinforced concrete slab specimens were presented in
Chapter 8 and discussed in this chapter. The objectives of these tests were to evaluate influence
of the presence of steel reinf6Tcement on impact-echo tests of early-age concrete slabs. Two
specimens intended to represent typical slab construction were tested. These specimens were
reinforced with perpendicular layers of #5 reinforcing bars. Two additional specimens were made
with a range of bar sizes and covers. One specimen was made with plain steel reinforcement, and
the second specimen with epoxy-coated steel reinforcement.
The following conclusions are drawn from the tests of the steel-reinforced concrete slabs:
1. Typical slab reinforcing bars (#5 bars in this study) do not appear to influence the
computed P-wave frequencies to discernable degree.
2. Larger diameter steel reinforcing bars (the #9 and #11 bars in this study) placed near
the top surface of a slab can cause an apparent decrease in the P-wave velocity. This is
attributed to the stress wave having to propagate around the bar, effectively increasing the
path length and reducing the apparent velocity.
3. The steel reinforcing bars (#5, #7, #9 and #11 bars in this study) placed near the
bottom surface of a slab did not significantly influence the value of the P-wave velocity.
4. In terms of the influence on the P-wave velocity, there was no apparent difference
between the plain steel reinforcing bars and the epoxy-coated reinforcing bars.
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5. Reflections from a steel bar could be identified in a spectrum resulting from impact of
a relatively small diameter steel sphere. Reflections from a steel bar could not be
identified in a spectrum resulting from impact of a relatively larger diameter steel sphere.
This verifies that smaller diameter steel spheres with shorter contact times will excite
higher frequencies than larger diameter spheres with longer contact times.
It is emphasized that the conclusions presented above for the steel-reinforced specimens
are considered preliminary and additional research is required to confirm many of these findings.
This additional research is 'described in Chapter 10.
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Figure 9.1. Selected slab spectra from Specimen 10 at a core strength of 6.1 MPa: (a) location
I, (b) location II, ({:) location Ill.
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Figure 9.1 (continued) Selected slab spectra from Specimen 10 at a core strength of 8.6 MPa:
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Figure 9.1 (continued) Selected slab spectra from Specimen 10 at a core strength of 12.1 MPa:
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Figure 9.1 (continued) Selected slab spectra from Specimen 10 at a core strength of 23.3 MPa:
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Figure 9.2 (continued) Selected slab spectra from Specimen 11 at a core strength of 11.8 MPa:
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Figure 9.2 (continued) Selected slab spectra from Specimen 11 at a core strength of 20.9 MPa:
(g) location I, (h) location II, (i) location III.
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Figure 9.2 (continued) Selected slab spectra from Specimen 11 at a core strength of 26.1 MPa:
mlocation I, (k) location II, (I) location III.
180
44002000 2400 2800 3200 3600 4000
PREPARED CYLINDER Cp, m's
ell
a..
~ 5O.,....----,. ----"""T.--r-,----..--..----,•.---...,---,
~ 45 -- --- --:---- --- -~------~--- --- -~- --- ---1-- --- -- i---~ --
~ 40 I ... SPEC 10 CJ SPEC 11 I-.. t--- m +--m
w Iii i •a: 35 ~------_------1 1 .-- • ------
r :: ::
Cf) 30 -- --- --:- --- ----:-------~------ -~- ------1-- ----
rr: :::;:~ 25 ~_ .. --.or .. -- .. --too --- -- 1- -- -1- .. -----:-....
~ 20 __ .. ...:- + .. _~ ~ .. I
~() 15 ----- .. ..:- .. -----~--- .. _-~----- .. -~- .. -
I • I I
Ow 10 • • • • -••••• -••••• -••
~ : :~ 5 ------~-------~-------:-------
a..
~ ?6OOa..
(a)
(b)
4400400036002800 3200
SLABCp, mls
CJSPEC 10
?6oo 2000 2400
50 . .
. .
45 ------~-------~-------
ell
a.. 402 IL .,.-__--:-,__-,.;---__--:-• ..-J
:r: 35 ..-----~ .. -- ----:-- --- _.. ~--- --- -~- .. -.... _- :-- --- --.
~ 30 -------:--------:-------~-------~-------i------- -------
\.J I I I I I Iill 25 ------+------+-..----+.------~--- ... ---;----- c: .. __ ........
a: ::::: 0:t? 20 --------------------·-------T------;-- ----:-------
w 5 I I I I I
a:
1 ------~--- ..--T------~ .. -- .. -- .. ~--_ ..... - I - .. --- .. ~----- .. -
I I I • 0 -I00 10 ..... -- .....7--- .. - ... 7- .. ----~- .. ---.A:'~.... -:-_ .. -_ .. -~ .... __ ... _-
I ,I I'
• • I • I5 -.. ---- .... --- ..--~- ..----~--
. .
, ,
(c)
440040003600
-- ...... ~ -- --_ .. -" .. -- -- .. -. .
. , .
, , .
----- ..~-------.-------.----- .. -
·
·
·2800 3200
CORECp,mls
-- -- - --:- - -- --- -:.- -- - --~-- - --- - ~- --- - --1-- -- --j--- ----
• • I I I I
1 , I , , I
----- --:- -------:-- --- - - ~--- --- .. ~ .. --- --- ~-- c::r - -~ -- - ----
I I I I I
I I " •
?6oo 2000 2400
50.,....------.---.,..---.-.--......--""---'-.----,
45 ------~-·----·~-------{-------{·------i-------t
~ 40 ~ ... SPEC10 CJ ,SPEC,11 ~--f..--m:
- 35 ------~---- __ ~-- 1- 1 .-- __ -
~ 30
6]25
a:t? 20
~ 15
8 10
5 ------~-------------
Figure 9.3. Strength-velocity relationships of the combined data from Specimens 10 and 11: (a)
prepared cylinder strength-velocity, (b) core strength-slab velocity, (c) core strength-core velocity.
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Figure 9.4. Ratio of slab velocity to core velocity versus core strength for Specimens 10 and 11.
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Figure 9.5. Frequency spectra at 11 T on Specimen 12 resulting from impact by different diameter
steel spheres: (a) 3.2 mm, (b) 4.7 mm, (c) 6.3 mm.
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Figure 9.5. (continued) Frequency spectra at 11 T on Specimen 12 resulting from impact by
different diameter steel spheres: (d) 7.9 mm, (e) 12.7 mm.
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Figure 9.6. Frequency spectra at 911T (6.3 mm diameter sphere).
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CHAPTER 10
SUMMARY, CONCLUSIONS AND FUTURE RESEARCH
10.1 INTRODUCTION
This chapter provides a summary of findings and conclusions from the research, and
outlines future research needs. Section 10.2 presents the findings and conclusions from the tests
of the plain concrete slabs. The findings and conclusions from the tests of the steel-reinforced
slabs are presented in Section 10.3. Finally, future research needs are discussed in Section 10.4.
10.2 SUMMARY AND CONCLUSIONS FROM TESTS OF PLAIN CONCRETE SLABS
The results of the tests of plain concrete slab specimens were presented in Chapter 6 and
discussed in Chapter 7. The objectives of these tests were to evaluate the feasibility of performing
impact-echo tests on a large volume of early-age concrete, and to evaluate the influence of
different underlay formwork materials on the ability to perform the impact-echo tests. Formwork
materials treated included polystyrene, oiled plywood, hardened concrete and crushed stone.
The following conclusions are drawn from the tests of the plain concrete slabs:
1. The impact-echo method can be used to determine P-wave velocity in early-age
concrete in plate-like structures. The P-wave is more strongly attenuated at very early
ages. Therefore, shorter sample intervals must be used at very early ages to ensure that
the entire time-domain surface displacement waveform contains information about the
reflections of the P-wave. In general, impact-echo tests could be performed on the slabs
as soon as the concrete had set-up to the point where the concrete surface could
withstand foot pressure. Attempts to perform tests at earlier ages proved unsuccessful.
Successful impact-echo tests could be made before cores could be removed. Cores could
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successfully be removed from the slab once the concrete had reached a compressive
strength of approximately 4.5 MPa (650 psi). Typically this meant that impact-echo tests
could be performed approximately 3 hours before cores could be removed.
2. The impact-echo method can be used to determine P-wave velocity in an early-age
concrete slab cast against plywood underlay formwork.
3. The impact-echo method can be used to determine the P-wave velocity in an early-age
concrete slab cast against a previously hardened concrete slab. In this situation, a simple
series model can be used to interpret the results of impact-echo tests. At early-ages,
however, the series model may not be an adequate technique to predict the P-wave.
velocity in an early-age concrete.
4. The impact-echo method can be used to determine P-wave velocity in an early-age
concrete slab cast against a 12.7 mm (0.5 in.) maximum size crushed limestone underlay.
5. An exponential equation is an adequate model for representing the strength-velocity
relationships. This exponential relationship can be transformed to a linear equation and fit
to the strength-velocity data using linear regression.
6. Strength-velocity correlation relationships from prepared cylinders and cores are not
directly applicable to plate-like structures. As expected, the core strength-eore velocity
relationship differs from the core strength-slab velocity relationship. This is due to the
expected higher velocity in the slab as compared to the core.
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7. Interpreting the prepared cylinder and core frequency spectra to determine the P-wave
frequency is relatively simple. The slab frequency spectra in comparison are difficult to
interpret.
8. The shapes of the strength-velocity curves resemble an approximate fourth order
relationship as anticipated from theory. This means that at lower strengths, the velocity
is increasing more rapidly than the strength. At higher strengths, there can be a relatively
large increase in strength accompanied by only a relatively small increase in velocity.
Thus application of the correlation relationship between strength and velocity is more
appropriately limited to the estimation of early-age strength.
10.3 SUMMARY ANQ CONCLUSIONS FROM TESTS OF STEEL-REINFORCED SLABS
The results of the tests of the steel-reinforced concrete slab specimens were presented in
Chapter 8 and discussed in Chapter 9. The objective of these tests was to evaluate influence of
the presence of steel reinforcement on impact-echo tests of early-age concrete slabs. Two
specimens intended to represent typical slab construction were tested. These specimens were
reinforced with perpendicular layers of #5 reinforcing bars. Two additional specimens were made
with a range of bar sizes and covers. One specimen was made with plain steel reinforcement, and
the second specimen with epoxy-coated steel reinforcement.
The following conclusions are drawn from the tests of the steel-reinforced concrete slabs:
1. Typical slab reinforcing bars (#5 bars in this study) do not appear to influence the
computed P-wave frequencies to discernable degree.
2. Larger diameter steel reinforcing bars (the #9 and #11 bars in this study) placed near
the top surface of a slab can cause an apparent decrease in the P-wave velocity. This is
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attributed to the stress wave having to propagate around the bar, effectively increasing the
path length and reducing the apparent velocity.
3. The steel reinforcing bars (#5, #7, #9 and #11 bars in this study) placed near the
bottom surface of a slab did not appear to significantly influence the value of the P-wave
velocity.
4. In terms of the influence on the P-wave velocity, there was no apparent difference
between the plain steel reinforcing bars and the epoxy-coated reinforcing bars.
5. Reflections from a steel bar could be identified in a spectrum resulting from impact of
a relatively small diameter steel sphere. Reflections from a steel bar could not be
identified in a spectrum resulting from impact of a relatively larger diameter steel sphere.
This verifies that smaller diameter steel spheres with shorter contact times will excite a
higher frequencies than larger diameter spheres with longer contact times.
The conclusions presented above for the steel-reinforced specimens are considered
preliminary and additional research is required to confirm many of these findings.
10.4 FUTURE RESEARCH
Future research which should follow the work described in this report includes the following:
1. Perform further tests of slab specimens with additional underlay formwork materials
such as corrugated metal decking and metal pan forms.
2. Perform additional tests of steel reinforced specimens to further examine how the
presence of steel reinforcing influences the determination of P-wave velocity. Dynamic
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finite element modeling may be useful to provide a full understanding of how the P-waves
are affected by steel reinforcement in early-age concrete..
3. Perform tests on precast members such as double tee beams. In the precast industry,
a better understanding of in-place concrete strength could allow for quicker removal of
forms, reduce the time spent on curing, and provide a greater understanding of when
prestress force can be transferred.
4. Perform field studies using the impact-echo methOd to estimate the strength of the
concrete in actual structures. The use of other in-place nondestructive test methods in
conjunction with the impact-echo method could also be explored.
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APPENDIX B
SPECIMEN 12
SCAN 11T 91tT 9T IT 5IT 5T 11m 911m 9m TTB 5TTB 5T8 118 9116 93 7B 578 56
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ - ~ ~ ~ -- ~ - ~ ~ - ~ - ~1 2246 2483 2276 1970 2582 25J9 2107 2193 2289 1970 2013 1970 2195 2116 2159 2187 2276 2276
2 2418 2793 2364 2670 2714 2714 2193 2579 2461 2582 2714 2757 2321 2246 2332 2364 2407 2451
3 2548 2789 2582 2889 2933 2977 2708 2923 2699 2645 2889 2582 2923 2656 2936 2933 2682 2976
4 3094 2714 3020 ~ 3152 3:J52 3052 200El 3020 2976 2976 3052 3109 3109 3020 ~ 2757
5 2007 3224 2001 3100 3195 3326 3095 3133 3109 3008 3151 3100 3133 3196 3196 3195 32:Jl 2933
6 3068 3312 3020 3293 3414 3414 3267 3310 3239 3283 3326 3262 3310 3358 32S2 3326 3261 3100
7 3195 3485 3100 3414 3502 3458 3396 3462 3358 3414 3458 3414 34:Jl 3455 3498 3502 3545 3502
8 3325 3573 3195 3502 3589 3589 3439 3567 3412 3502 3502 3458 3525 3584 3541 3589 3633 3589
9 3325 3517 3293 3589 21'>77 3633 ~_ 3568 3566 3498 3589 3589 3589 3511 3571 3571 3577 3721 3721
10 3358 3560 3327 3533 3721 3721 21'>11 3532 3541 3633 3533 3533 3577 3735 3714 3721 3764 3721
11 3541 3791 3458 3765 3652 3652 3597 3783 3571 3721 3765 3765 3793 3644 3844 3652 3652 3652
12 21'>17 3779 3504 3652 3652 3874 3762 3718 3549 3764 3786 3786 38C6 3l!65 3887 3917 3917 3874
13 2i327 3921 3589 3896 3961 3939 3869 3869 3779 3630 3896 3896 3800 3973 3973 4005 4005 3983
SPECIMEN 13
SCAN l1T 91 IT 9T IT 5IT 5T 11m 911m 9T 7TB 57TB 5T8 116 9118 93 7B 578 58
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
Im'o) (m'o) (m'o) (m's) (m's) Im'o) tm's) (m's) (m'o) (m'o) (m's) (m's) (m's) (m'o) (m's) (m's) (M) (m's)
1 2198 2065 2183 2297 2207 2287 2120 2164 2286 2179 2222 2179 2252 2200 2374 2256 2222 2256
2 2595 2662 2539 2600 2600 2538 2600 2694 2507 2571 2745 2789 2600 2650 2662 2614 2658 2614
3 2770 2972 2007 2826 2738 2614 2826 :m3 2936 2676 X1J7 X1J7 2671 3091 3122 3181 :xl5O 2633
4 3076 3194 3074 3091 3092 3078 3135 326ll 3158 3181 3266 3266 3121'> 3224 3210 3266 3266 3266
5 3209 3371 3252 3400 3400 3408 3312 34Ul 3341 3355 3443 3443 3312 3400 3365 34116 3443 3443
6 3342 3504 3430 3533 3577 3561 3577 3577 3474 3486 3573 3573 3445 3532 3561 3517 3517 3573
7 3474 3637 3564 3521 3565 3549 3533 3558 3605 3573 3560 3560 3521 ~3566 3593 3704 3704 3704
8 3583 3748 3531 3754 3754 3759 3558 3798 3715 3704 3791 3791 3710 3798 3003 3791 3857 3813
9 3781 3926 3809 3900 3953 3957 3886 4019 ~ 3891 3900 39117 3967 3900 3996 4001 4009 4052 4009
10 3825 3992 3909 4019 4019 4023 3930 4065 3957 3965 4052 4052 3997 4062 4007 4064 4031 4074
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